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ABSTRACT 
 
Evaluation of Argentine Maize Hybrids and Exotic x Temperate  
 
Testcrosses Across Environments. (August 2005) 
 
Brett A. Ochs, 
 
B.S., University of Illinois 
 
Chair of Advisory Committee: Dr. F. Javier Betrán  
 
 
 Maize (Zea mays L.) is grown in a wide range of environments and altitudes 
worldwide.  Maize has transitioned from open pollinated varieties to single cross hybrids 
over the last century.  While maize production and genetic gain has increased, genetic 
diversity among U.S. maize hybrids has narrowed. Problems, such as insect pressure, 
diseases, and mycotoxins, present obstacles for breeders.  One approach is to use exotic 
germplasm in breeding programs to provide useful, novel alleles for productivity, grain 
quality, and disease resistance.  Little exotic germplasm has been used, because of lack 
of agronomic adaptation and problems with lodging, earliness, and tall plants in more 
temperate areas.  Using exotic elite materials and evaluating them in targeted regions 
might increase success.  Objectives of this research were: to characterize and evaluate 
agronomic adaptation and performance of Argentine commercial hybrids in the U.S., to 
evaluate semi-exotic testcrosses developed from semi adapted 100% tropical lines and 
elite U.S. inbred LH195, and to estimate response to aflatoxin contamination of 
Argentine hybrids and semi-exotic testcrosses under inoculation with Aspergillus flavus. 
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Agronomic data was collected during 2004 in eleven Texas environments for 
Argentine hybrids, and eight Texas environments for semi-exotic testcrosses.  Response 
to aflatoxin was measured in three southern Texas environments.  U.S. commercial 
hybrids were used as checks.  Significant differences among hybrids were observed for 
most environments and traits. In general, Argentine hybrids yielded lower, had lower 
1000 kernel weights, and greater test weights than U.S. hybrids.  Hybrids AX889, 
AX882MG, and AX890MG were competitive with U.S. hybrids for grain yield and were 
stable across environments. Semi-exotic testcrosses had similar lodging and grain 
moisture percentages, heavier test weights and competitive grain yields compared with 
U.S. hybrids.  Hybrid TX-LAMA2002-9-2-B/lH195 had the highest overall grain yield 
mean for semi-exotic testcrosses and yielded better than two U.S. hybrids.  Argentine 
hybrids had lower aflatoxin concentration than U.S. hybrids; several hybrids had less 
than 50 ng g-1 aflatoxin.  Semi-exotic testcrosses had reduced aflatoxin compared to U.S. 
hybrids, with several hybrids under 35 ng g-1. These elite, exotic materials show promise 
for breeding programs, with competitiveness for grain yield, kernel traits, and reduced 
aflatoxin levels. 
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CHAPTER I 
INTRODUCTION1 
 Maize (Zea mays L.) is an important crop both in the United States and 
worldwide.  In the U.S. maize grain is primarily used for livestock feed, but is also 
present in many food products, and has many industrial uses such as ethanol and 
polymer production.  In the U.S. the majority of maize production takes place in the 
Midwest states including Nebraska, Iowa, Illinois, Indiana, and parts of Ohio (also 
known as the Corn Belt), but maize is grown in many areas throughout the world.  In 
2004, U.S. maize grain production was estimated at 11.8 billion bushels, and 160.4 
bushels per acre, both production figures are the largest on record (NCGA, 2005).  Texas 
maize acreage in 2004 was 1,830,000 acres planted, and 1,680,000 acres harvested 
(NCGA, 2005).  Maize producers in Texas averaged 139 bushels per acre and total state 
production was 233,520,000 bushels, substantially higher than recent years (USDA 
NASS, 2005).  
 Maize has many uses aside from feedstuffs for livestock and consumption by 
humans.   Maize has been utilized in recent years for fuel alcohol, penicillin production, 
food and beverage mixes, recycled paper, intravenous solutions, and high fructose corn 
syrup found in soft drinks (Texas Corn Producers, 2005).  Much research is currently 
taking place for new uses of maize and how to reduce reliance on petrochemicals by 
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using natural, renewable compounds from maize.  Maize can also be grown for harvest 
of biomass, which is then used for forage or even energy production. 
 Maize is a species believed to have evolved from teosinte (Zea mexicana).  In the 
last century we have witnessed tremendous gains in grain yield and a switch from 
production of open pollinated cultivars to single cross hybrids.  Spacing between plants 
has decreased in commercial production and new hybrids have reduced barrenness at 
high populations.  Tassel size has been reduced and plants respond well to increased 
fertility and pesticide use.   
 With concerns about reduced genetic diversity in U.S. temperate maize and the 
effect on maize productivity and potential gain, breeders have looked for other 
germplasm to incorporate into programs of maize improvement.  One of the first steps to 
determine if the material has potential for use in maize improvement is to evaluate and 
characterize the material to determine performance across a wide range of environments.  
This thesis presents three experiments conducted during the summer of 2004 in different 
maize producing environments in Texas, in order to determine the usefulness of two 
different types of exotic maize germplasm.  One experiment evaluated commercial 
maize hybrids from Argentina in eleven different environments for agronomic 
adaptation, grain yield, and grain quality traits.  The second experiment evaluated semi 
exotic testcrosses, temperate adapted 100% tropical lines crossed with elite U.S. 
temperate inbred LH195, across seven different environments for grain yield and 
agronomic traits,  The third experiment used materials from both studies to look at 
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aflatoxin response under inoculation with Aspergillus flavus in three southern Texas 
environments conducive for aflatoxin contamination of maize grain. 
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CHAPTER II 
LITERATURE REVIEW 
Maize 
Origins, Distribution, and Adaptation 
 The exact location of maize origin is not known, but maize is believed to have 
originated in Central America, probably somewhere in Mexico over 6,000 years ago 
(Wilkes, 2004).  Mexico and Guatemala have the most diverse distribution of maize, 
teosinte, and the related genus Tripsacum.  Maize spread out from there, and by the time 
Columbus sailed to the New World, maize was cultivated from Canada to South 
America and everywhere in between (Wilkes, 2004). Maize is now found in almost 
every country in the world and has become a staple in the diet of millions of people. 
 The maize produced throughout the world hardly resembles teosinte anymore, as 
maize produces cobs with tightly bound seeds that cannot survive without human 
intervention or dispersal(Wilkes, 2004).  Flowering dates have also been reduced as 
teosinte flowers over periods of 4 or 5 weeks, but modern maize flowering period is less 
than 10 days, however, full fertile crosses between the two are still possible and can be 
found in the wild or produced by artificial hybridization (Doebley, 1994; Galinat, 1988; 
Wilkes, 2004). 
 Maize is found throughout the world now and there are estimated to be 300 
different races, 250 of those in South America (Goodman and Brown, 1988; Holland and 
Goodman, 1995; Wilkes, 2004).  There is much variation between the different races. In 
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the U.S., up to ten different races have given way to hybrid maize.  Race Corn Belt Dent 
were at one time the dominating race (Goodman and Brown, 1988).  Some of the inbreds 
that began the progress of hybrid maize were developed from these materials. 
Importance of Maize 
 Maize is the number one cereal grain produced worldwide, with wheat then rice 
following behind in production numbers (FAO, 2005).  Maize is found in many different 
food items, as well as being a major source of food for livestock, and in parts of the 
world makes up much of the diet.  In addition maize is involved in many industrial uses 
ranging from polymer production, starch production, and also for fuels and lubricants. 
 In 2003, one fifth of maize raised in the U.S. was exported, a total of 47.7 million 
metric tons, or $4.5 billion dollars worth (NCGA, 2004).  Agricultural exports are very 
important to the U.S. and maize exports support a favorable trade balance. The U.S. is 
by far the leading exporter of maize grain, but other countries such as Argentina, Brazil, 
and China are increasing both maize production and exports. 
Maize Production 
 In the United States harvested maize acreage is a close second to soybean 
acreage, but due to higher maize grain yields per acre maize production levels are far 
higher than soybean.  In fact, maize grain production was more than 7,500,000,000 
bushels above than soybean seed production in the U.S. in 2004 (USDA NASS, 2005).  
Due to increased rainfall and optimal growing conditions, 2004 was a record setting year 
for maize production.  The U.S. is the world’s biggest producer of maize, followed by 
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China, Brazil, and Mexico, but those three countries combined don’t produce as much 
maize grain as the U.S. per year (FAO, 2005).   
 While maize has underwent great increases in production and genetic gain over 
the last century due to changes in agronomic practices and plant breeding, concerns have 
been raised about the narrowing genetic diversity of temperate maize grown in the U.S.  
Genetic Diversity 
 Only recently, in the 1960’s, were widespread concerns raised about the genetic 
diversity of many of the crops grown throughout the world (Simmonds, 1993).  While 
over 300 different races of maize are found throughout the world, only 1 race is 
commonly grown within the U.S. Corn Belt.  This also holds true for germplasm, of 
which there are many different sources worldwide for maize germplasm, but in the U.S. 
only a few cultivars were used to develop the germplasm used in the majority of 
commercial hybrids (Troyer, 2004).  By increasing genetic diversity available in U.S. 
temperate maize, long-term genetic gain can be maintained and alleles for quality traits, 
disease and insect resistance, and productivity may be found.  One way to immediately 
add diversity to maize germplasm is to look for exotic sources of maize germplasm with 
unique alleles for adaptation, grain yield and quality. 
 Genetic variation is important to maize and other crop breeders because selection 
from pools of variation is how elite cultivars are developed, and by selecting superior 
individuals and then crossing them with other superior individuals, new pools of 
variation are created (Zamir, 2001).   
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Exotic Maize 
 By definition exotic maize germplasm is considered to be maize that is not 
adapted to target areas of maize production in the user’s region (Holland, 2004).  So in 
the U.S. exotic maize would be maize from other countries, both temperate and tropical, 
that is not adapted or commonly found in both the Corn Belt and other areas of U.S. 
maize production.  Using exotic germplasm to improve existing elite maize germplasm 
is a difficult and laborious process, that requires long term efforts and appropriate 
breeding methodology, but can be accomplished (Goodman et al., 2000; Holland, 2004). 
It is commonly thought that the most diverse and readily useable exotic source of maize 
germplasm available to U.S. maize breeders is temperate and tropical maize from South 
America. 
Two different methods of exotic germplasm usage have been proposed in the 
literature for maize and other crop species.  The first, introgression, involves repeatedly 
backcrossing the exotic parent to the adapted parent the breeder seeks to improve, but 
results in very little of the exotic parent’s genetic material being present in the final 
product (Holland, 2004; Simmonds, 1993).  It is also easy to lose beneficial genes early 
in the process, and the genetic variation of the improved materials is only slightly 
changed.  Introgression is valuable for transfer of major genes, many times resistance 
genes, into the adapted material, and can be made quicker by use of molecular markers.  
The other method of exotic germplasm utilization is incorporation, which involves 
development of populations that combine elite materials and the genetic diversity of the 
exotic germplasm (Holland, 2004; Simmonds, 1993).  Several public maize breeding 
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programs in the U.S. have been working to incorporate exotic maize germplasm into 
temperate maize using different breeding methods and different percentages of exotic 
maize germplasm (Goodman et al., 2000; Kraja et al., 2000; Lewis and Goodman, 2003; 
Tarter et al., 2003).  For incorporation of exotic materials to be successful, the 
proportion of exotic germplasm must be high enough to broaden the genetic variation 
present in the materials to be improved and give reasonable opportunity to take 
advantage of novel alleles; yet too much exotic germplasm can affect the agronomic 
performance and adaptability of the improved maize (dos Santos et al., 2000; Lewis and 
Goodman, 2003).   
Aflatoxin 
Disease Information 
Aflatoxin is a carcinogenic mycotoxin produced by the fungus Aspergillus flavus and is 
known to be toxigenic (Castegnaro and McGregor, 1998).  The principal toxin produced 
by Aspergillus flavus is aflatoxin B1, which is highly potent and widespread in food 
items, affecting as much as 25% of the world food crop (Moreno and Kang, 1999).  
Aflatoxins were one of the first mycotoxins to be classified, and were thought and later 
confirmed to be involved in human liver cancer (Castegnaro and McGregor, 1998).  One 
of the problems that limits evaluation of maize germplasm for aflatoxin resistance is that 
natural infection can be sporadic from year to year (Windham and Williams, 2002).  In 
addition to abiotic stresses, biotic stress such as insect feeding can also increase 
incidence of aflatoxin contamination of grain (Windham et al., 1999) 
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Importance of Aflatoxin 
One of the major problems affecting maize production throughout the world is 
infection of kernels by toxigenic fungi that produce mycotoxins (Moreno and Kang, 
1999; Munkvold, 2003).  In countries where human diets are primarily made up of 
maize, there is the risk of toxic ingestion of aflatoxin.  This has led to strict limits in 
aflatoxin contamination levels of maize grain for food and feed purposes as well as grain 
used in interstate and international commerce.  In Texas and other southern U.S. areas of 
maize production, abiotic stresses (such as hot, dry climates) contribute to contamination 
of grain with aflatoxin. 
Control Methods 
Cultural practices, biocontrol of Aspergillus flavus, and management of storage 
conditions have been suggested and evaluated in order to reduce aflatoxin contamination 
of grain both pre- and post-harvest (Cleveland et al., 2003; Munkvold, 2003).  Most of 
the agronomic practice strategy to reduce mycotoxin contamination is based on disease 
management principles, and includes altering tillage practices, soil fertility, crop 
rotation, plant populations, planting dates, and irrigation schedules (Munkvold, 2003).  
However, since Aspergillus overwinters in crop residue in the soil, tillage and rotation 
may not have much effect on aflatoxin contamination of grain.  Biocontrol of aflatoxin 
using atoxigenic strains of Aspergillus flavus and Aspergillus parisiticus has been shown 
in several crops including maize, but cotton is the only crop for which there is a pesticide 
registration for use of atoxigenic fungi (Cleveland et al., 2003). If infection with A. 
flavus cannot be prevented preharvest, care must be taken with harvest timing, grain 
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handling, and storage to prevent or slow continued development of toxins (Munkvold, 
2003).  Physical damage to grain must be prevented, and grain moisture must be reduced 
quickly to slow or prevent growth of A. flavus, but it is difficult to maintain optimal 
storage conditions for more than a short period of time (Munkvold, 2003). 
While many methods have been proposed to reduce aflatoxin in maize grain and 
other crops, the best solution is genetic resistance (Munkvold, 2003).  Currently there is 
a lack of resistant commercially available hybrids, but some resistance has been found in 
different populations and inbred lines developed by public breeding programs, but many 
resistant sources lack agronomic performance (Betrán et al., 2002; Campbell and White, 
1995; Guo et al., 1995; Hamblin and White, 2000; Naidoo et al., 2002; Windham and 
Williams, 2002).  Traits that might lend themselves to reduction of aflatoxin in maize 
include tight husk coverage, kernel hardness, silk volatiles, insect resistance, adaptation, 
and early maturity (Betrán et al., 2002; Munkvold, 2003; Warfield and Davis, 1996; 
Windham and Williams, 2002; Windham et al., 1999). 
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CHAPTER III 
ARGENTINE HYBRIDS 
Introduction 
Argentine Maize 
 Most Argentine maize possesses denser grain with flinty, vitreous kernels and 
harder endosperm than that of traditional dent corns grown in the U.S., and this leads to 
heavier test weights with less susceptibility to breakage or damage (Paulsen and Hill, 
1985; Robutti et al., 2000b).  Orange grain color, tighter and longer husk coverage, and 
temperate adaptation are other important traits of Argentine maize that are desirable.  
Native landraces of Argentina could provide valuable breeding resources due to their 
genetic diversity, but these materials would need comprehensive assessment in order to 
be utilized properly in a U.S. breeding program (Robutti et al., 2000a).  Material that 
would be more likely to make an instant impact on U.S. maize germplasm would have to 
be elite and agronomically adapted in order to facilitate introgression or incorporation.   
Fortunately, Argentine maize grain yield has increased over the last 30 years, 
gain has been estimated to be 1.05 q ha-1 year-1 to 1.69 q ha-1 year-1 (Eyherabide and 
Damilano, 2001; Eyherabide et al., 1994).  The rate of gain has been consistent, and it is 
similar to grain yield increases in other countries (Eyherabide and Damilano, 2001).  
Most of this gain may be due to abilities of new elite hybrids to benefit from better 
environmental conditions and agricultural inputs.  Maize breeding programs in 
Argentina have been successful in developing new hybrids for both elite and suboptimal 
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environments (Eyherabide and Damilano, 2001; Eyherabide et al., 1994).  While crop 
management has changed in Argentina, so has the makeup of popular maize cultivars, as 
increased numbers of better performing single cross hybrids have been developed by 
companies after the 1990’s (Eyherabide and Damilano, 2001).  Elite Argentine hybrids 
might be suitable for use in U.S. breeding programs.  However, before Argentine maize 
can be used for introgression or incorporation there is a need for characterization of elite 
materials and crosses in order to determine their worth to local U.S. breeding programs 
(Eyherabide and Gonzalez, 1997). 
Kernel Characteristics 
 Kernel characteristics and quality are traits that are very important to 
maize processors and importers that often state Argentine maize is of superior quality 
(Paulsen and Hill, 1985).  Kernel characteristics have also been used to classify maize 
into races such as dent, flint, floury, etc. (Robutti et al., 2000b).  Harder kernels are less 
susceptible to damage at harvest and during shipping and handling (Dombrink-Kurtzman 
and Knutson, 1997).  
Research in Canada has shown that Argentine maize germplasm represents novel 
variability for resistance to Gibberella and Fusarium ear rots (Presello et al., 2004).  It is  
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also possible that Argentine maize possesses novel alleles for resistance factors against 
aflatoxin contamination of grain.  Kernel characteristics and integrity may play a role in 
aflatoxin resistance. 
 One of the objectives of this experiment was to compare Argentine hybrid grain 
traits, such as test weight and 1000 kernel weight, with U.S. hybrids.  We also want to 
determine if test weight and 1000 kernel weight are correlated with grain yield, and if 
environment plays a role with those traits. 
Materials and Methods 
Materials 
 Fifteen commercial Argentine hybrids and five U.S. commercial hybrids were 
grown in eleven diverse Texas environments in 2004 (Table 1).  Fourteen of the 
Argentine hybrids were temperate, with hybrid Agricom AGRI124 being a tropical 
hybrid.  The U.S. hybrids are commonly grown in different Texas environments and 
across the southern U.S. 
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Table 1. List of Argentine and U.S. hybrids evaluated across Texas environments in 
2004. 
 
Field Evaluation 
 The environments ranged from subtropical to temperate, spanned ten degrees of 
latitude, and are representative samples of typical maize production environments in 
Texas.  An alpha lattice design with incomplete blocks was used with either two or three 
replications per environment.  Experimental units were two row plots everywhere but 
Weslaco, College Station, and Corpus Christi, where one row plots were used (Table 2).  
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Trials were planted in spring 2004 starting in February and ending in May depending on 
regular planting dates for each region.  Agronomic and cultural practices were standard 
for the area where the evaluations were conducted. 
Table 2. Test site information for Texas environments used in experiments. 
 
 Traits measured included plant and ear heights, lodging, flowering data, grain 
yield, test weights, moisture, and 1000 kernel weights.  Plant height was taken at the end 
of growing season before harvest by measuring from the ground to the tip of the tassel, 
and ear height was taken from the ground to the base of the primary ear.  Plant 
population was determined by counting the total number of plants per plot before harvest 
and converting to plants per hectare.  Lodging was taken as both root lodging and stalk 
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lodging and then combined and expressed as a percentage by combining number of 
plants root and stalk lodged then dividing by the total number of plants in a plot.  
Flowering data was taken by finding days to midsilk- the number of days from planting 
to the day when 50% of plants in a plot had silks showing- or days to anthesis- the 
number of days from planting to 50% of plants in a plot shedding pollen.  Grain yield 
(adjusted to 15.5% grain moisture), grain moisture, and test weights were taken by 
mounted equipment in the combine during harvest.  Five ear samples were taken from 
each entry in each replication at nine environments in order to determine test weights 
and 1000 kernel weights in the laboratory.  The test weights reported here were taken in 
the lab. 
Statistical Analysis 
 Single environment analysis of variance for grain moisture, grain yield, lodging, 
plant height, plant population, test weights, and 1000 kernel weights was conducted 
using Proc GLM in SAS 9.0 (SAS Institute, 2002).   Contrasts were computed to 
compare the overall performance Argentine vs. U.S. hybrids for all traits using SAS.  
Data was analyzed using restricted maximum likelihood with the REMLTool© as both 
randomized complete block and alpha lattice with and without spatial analysis (Welen, 
2003).  The most efficient method with the lowest mean square error was used to 
estimate the adjusted means. Trait correlations were pictured using singular value 
decomposition (SVD) of hybrid by trait (previously standardized) table at each 
environment. Stability analysis was done with SVD (principal component analysis) of 
genotype by environment two-way table using the Biplot add-in in Microsoft Excel® and 
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with linear regression  of hybrid performance on environmental indices using SAS 
(Eberhart and Russell, 1966; Lipkovich and Smith, 2001). 
 Data was then combined across environments and overall means were 
determined using Proc Mixed in SAS 9.0 (SAS Institute, 2002).  Overall means also 
were used to determine trait correlation using SVD.  
Biplots are a useful way for plant breeders to interpret data from several 
environments in order to determine stability across environments, as well as 
relationships between environments, entries that are well suited to individual 
environments or clusters of environments, and even relationships between individual 
traits at single environments or across environments.  Stability is important to maize 
breeders because elite hybrids need to show adaptation and superior yields in more than 
one environment in order to justify the expense of development.  Hybrids need to 
perform well across environments and be able to respond to optimal environments and 
inputs.   
Results 
Single Environment Analysis 
ANOVA and Means 
Plant population is necessary to examine early in the analysis because of its 
impact on grain yield.  No significant differences were detected between hybrids for 
plant population in individual environments, meaning that we can analyze grain yield 
without covariance analysis for plant population (Table 3).  Replications were significant 
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in Bardwell, but in other environments plant populations should be comparable between 
replications (Table 3).   
Table 3. ANOVA table and repeatabilities for plant population (plants ha-1) at 
Texas environments for Argentine and U.S. hybrids. 
 
For grain yield replications within environments were only significant in three 
environments, but due to fairly low error terms in most environments field variation for 
grain yield was not a problem, except for maybe Dalhart and Dumas (Table 4).  Grain 
yield was significantly different (P<0.05) among hybrids in Bardwell, Wharton, 
Granger, Prosper, Halfway, Dalhart, College Station, and Corpus Christi (Table 4).  In 
nine out of eleven environments significant differences (P<0.05) were seen between 
grain yield for U.S. hybrids and Argentine hybrids.  Repeatabilities ranged from .40 to 
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.84, indicating that differences among hybrids were due mainly due to genotypic 
differences. 
Table 4. ANOVA table and repeatabilities for grain yield (Mg ha-1) at Texas 
environments for Argentine and U.S. hybrids.  
 
 Overall, grain yields were above average across Texas during the summer of 
2004 due to plentiful rainfall and excellent growing conditions.  Environments Dalhart, 
Halfway, and Dumas (the three high plains environments) had the highest environmental 
grain yield means and Wharton, Corpus Christi, and Prosper had the lowest 
environmental means (Table 5)(Figure 1).  Statistical differences between Argentine and 
U.S. hybrids were detected in several environments, and in all environments U.S. 
hybrids had higher grain yield means than Argentine hybrids (Figure 1).  Coefficients of 
variation values (CV) were all less than 15% (Table 5). 
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Table 5. Mean grain yields (Mg ha-1) for Argentine and U.S. hybrids at each 
environment. 
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5
7
9
11
13
15
17
CA BA WH GR PR HA DA DU CS WE CC
Location
Overall Mean Argentine Mean U.S. Check Mean
* ** ** ** ** ******
* Significant difference between Argentine hybrids and U.S. hybrids at P<0.05
** Significant difference between Argentine hybrids and U.S. hybrids at P<0.01
  CA=Castroville, BA=Bardwell, WH=Wharton, GR=Granger, PR=Prosper, HA=Halfway, DA=Dalhart, DU=Dumas, CS=College Station, WE=Weslaco, 
CC=Corpus Christi.  
Figure 1. Grain yield means for all hybrids, Argentine and U.S. hybrids across 
environments. 
 For test weight, replications within environments were only significant in two 
environments, but due to fairly low error terms in most environments field variation for 
test weight was not a problem, except for maybe Prosper (Table 6).  Test weights were 
significantly different (P<0.05) among hybrids in Castroville, Bardwell, Wharton, 
Granger, Dalhart, College Station, Weslaco, and Corpus Christi.  In only two out of nine 
environments, significant differences (P<0.05) were seen between test weights for U.S. 
hybrids and Argentine hybrids.  Repeatabilities ranged from .51 to .95, indicating that 
differences among hybrids were mainly due to genotypic differences (Table 6). 
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Table 6. ANOVA table and repeatabilities for test weights (kg hl-1) at Texas 
environments for Argentine and U.S. hybrids. 
 
Environments Dalhart and Granger had the highest environmental test weights, 
while environments Wharton and Prosper had the lowest test weights (Table 7)(Figure 
2).  While statistical differences (P<0.05) between Argentine and U.S. hybrids were only 
detected in Dalhart, in some environments the Argentine hybrids had higher test weights, 
and in others the U.S. hybrids had higher test weight (Figure 2).  Coefficients of 
variation values were lower than 5% for all environments (Table 7). 
 
 
 
 
 23
Table 7. Test weight means (kg hl-1) for each environment and for Argentine and 
U.S. hybrids. 
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74
74.5
75
75.5
76
76.5
77
77.5
78
78.5
79
CA BA WH GR PR DA CS WE CC
Location
Overall Mean Argentine Mean U.S. Check Mean
* Significant difference between Argentine hybrids and U.S. hybrids at P<0.05
** Significant difference between Argentine hybrids and U.S. hybrids at P<0.01
  CA=Castroville, BA=Bardwell, WH=Wharton, GR=Granger, PR=Prosper, DA=Dalhart, CS=College Station, WE=Weslaco, CC=Corpus Christi.
* **
 
Figure 2. Test weight means for all hybrids, Argentine and U.S. hybrids across 
environments. 
  For 1000 kernel weight, replications within environments were only significant 
in one environment, but error terms in most environments except Dalhart and Weslaco 
indicated that field variation for 1000 kernel weight was not important (Table 8).  One 
thousand kernel weights were significantly different (P<0.05) among hybrids in all 
environments except Weslaco.  Significant differences (P<0.05) were seen between 1000 
kernel weights for U.S. hybrids and Argentine hybrids in all environments except 
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Dalhart.  Repeatabilities ranged from .44 to .96, indicating that differences among 
hybrids were due mainly due to genotypic differences (Table 8). 
Table 8. ANOVA tables and repeatabilities for 1000 kernel weights (g) at Texas 
environments for Argentine and U.S. hybrids. 
 
  For 1000 kernel weight, Dalhart had substantially higher environmental means 
and Corpus Christi and Prosper had the lowest environmental means almost 100 grams 
less than Dalhart (Table 9)(Figure 3).  Significant differences were detected between the 
Argentine and U.S. hybrids in most environments, and as a group, the U.S. had a higher 
mean for 1000 kernel weights (Figure 3)  Coefficients of variation values were all under 
10% except for Weslaco where CV was 13.4% (Table 9). 
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Table 9. 1000 kernel weight means (g) for each environment and for Argentine and 
U.S. hybrids. 
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200
225
250
275
300
325
350
375
400
CA BA WH GR PR DA CS WE CC
Location
Overall Mean Argentine Mean U.S. Check Mean
* Significant difference between Argentine hybrids and U.S. hybrids at P<0.05
** Significant difference between Argentine hybrids and U.S. hybrids at P<0.01
  CA=Castroville, BA=Bardwell, WH=Wharton, GR=Granger, PR=Prosper, DA=Dalhart, CS=College Station, WE=Weslaco, CC=Corpus Christi.
** **** ** ** ******
 
Figure 3. 1000 kernel weight means for all hybrids, Argentine and U.S. hybrids 
across environments. 
 For lodging, replications within environments were only significant (P<0.05) in 
one environment, Castroville (Table 10).  Lodging was significantly different (P<0.05) 
among hybrids in Wharton and Granger, but significant differences (P<0.05) were not 
observed for lodging between U.S. hybrids and Argentine hybrids in any environment.  
Repeatabilities were variable and ranged from .00 to .81 (Table 10). 
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Table 10. ANOVA table and repeatabilities for plant lodging (%) at Texas 
environments for Argentine and U.S. hybrids. 
 
  For lodging percentage, Castroville had substantially higher environmental 
means with 32.71% of plants being lodged, and Granger and Prosper had the lowest 
environmental means with less than 1% of plants lodged (Table 11) (Figure 4).  While 
there was noticeable lodging in only a few environments, and statistical differences 
(P<0.05) were not detected, the Argentine hybrids as a group showed more lodging than 
the U.S. hybrids (Figure 4).  Coefficients of variation values were high for all 
environments and ranged from 50.19% to 252.31%. 
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Table 11. Lodging means (%) for each environment and for Argentine and U.S. 
hybrids. 
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0
5
10
15
20
25
30
35
CA WH GR PR DA DU WE
Location
Overall Mean Argentine Mean U.S. Check Mean
* Significant difference between Argentine hybrids and U.S. hybrids at P<0.05
** Significant difference between Argentine hybrids and U.S. hybrids at P<0.01
  CA=Castroville, WH=Wharton, GR=Granger, PR=Prosper, DA=Dalhart, DU=Dumas, WE=Weslaco.  
Figure 4. Lodging percentage means for all hybrids, Argentine and U.S. hybrids 
across environments. 
 For plant height, replications within environments were not significant (P<0.05) 
in any of the environments (Table 12).  Plant heights were significantly different 
(P<0.05) among hybrids in all environments, and significant differences between U.S. 
hybrids and Argentine hybrids were detected in all environments except Dumas.  
Repeatabilities were high and ranged from .77 to .92. 
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Table 12. ANOVA table and repeatabilities for plant height (cm) at Texas 
environments for Argentine and U.S. hybrids. 
 
 Environments Bardwell and Prosper had the shortest plants, and Dalhart and 
Dumas had the tallest plants (Table 13) (Figure 5).  The differences in plant height 
between Argentine and U.S. hybrids were significant (P<0.05) in most environments, 
with the Argentine hybrids being shorter than the U.S. hybrids (Figure 5).  Coefficients 
of variation values were low (less than 5%) for all environments. 
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Table 13. Plant height means (cm) for each environment and for Argentine and 
U.S. hybrids. 
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150
175
200
225
250
275
300
325
350
CA BA WH GR PR HA DA DU CS
Locations
Overall Mean Argentine Mean U.S. Check Mean
** **** ** ** *****
* Significant difference between Argentine hybrids and U.S. hybrids at P<0.05
** Significant difference between Argentine hybrids and U.S. hybrids at P<0.01
  CA=Castroville, BA=Bardwell, WH=Wharton, GR=Granger, PR=Prosper, HA=Halfway, DA=Dalhart, DU=Dumas, CS=College Station.  
 Figure 5. Plant height means for all hybrids, Argentine and U.S. hybrids across 
environments. 
 For grain moisture, replications within environments were only significant 
(P<0.05) in Halfway (Table 14).  Grain moisture was significantly different (P<0.05) 
among hybrids in all environments except for Prosper, and significant differences 
between U.S. hybrids and Argentine hybrids were detected in Wharton, Halfway, 
Dalhart, and Dumas.  Repeatabilities were high and ranged from .54 to .98. 
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Table 14. ANOVA table and repeatabilities for grain moisture (%) at Texas 
environments for Argentine and U.S. hybrids. 
 
 Environments Halfway, Dalhart, and Dumas had the highest grain moisture, and 
Castroville and Bardwell had the lowest grain moisture (Table 15) (Figure 6).  
Differences between Argentine hybrids and U.S. hybrids were significant (P<0.05) in 
several environments.  In general, Argentine hybrids had greater grain moisture than 
U.S. hybrids (Figure 6).  Coefficients of variation values were low for all environments 
(less than 10%) except Prosper. 
 
 
 35
Table 15. Grain moisture means (%) for different environments and for Argentine 
and U.S. hybrids. 
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10
12.5
15
17.5
20
22.5
25
CA BA WH GR PR HA DA DU WE
Location
Overall Mean Argentine Mean U.S. Check Mean
* ** *****
* Significant difference between Argentine hybrids and U.S. hybrids at P<0.05
** Significant difference between Argentine hybrids and U.S. hybrids at P<0.01
  CA=Castroville, BA=Bardwell, WH=Wharton, GR=Granger, PR=Prosper, HA=Halfway, DA=Dalhart, DU=Dumas, WE=Weslaco.  
Figure 6. Grain moisture means for all hybrids, Argentine and U.S. hybrids across 
environments. 
Relationship Among Traits 
Singular value decomposition biplots were used to illustrate trait correlations in 
individual environments.  In Castroville the first two principal components explained 
56% of the variation among traits (Figure 7).  Traits that showed positive correlation 
with grain yield were plant population and 1000 kernel weight.  Grain moisture, test 
weight, plant height and 1000 kernel weight were also positively correlated.  Hybrids 
DKC66-80, P32R25, and AX888IT, which were the top yielding hybrids in Castroville, 
had the highest projection on the grain yield vector (Figure 7) (Table 5).  
 37
GY 
1K
TW
LG
PP
PH
MS
A933
AX877
AX878
AX882
AX884IT
AX888IT
AX889AX934
AX956
AX882MG
AX890MG
DK682
CONDOR
NK900TDMAX
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0.6
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-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
PC1 (32%)
PC2 (24%)
   GY=grain yield, PP=plant population, 1K=1000 kernel weights, PH=plant height, TW=test weight, MS=moisture, LD=lodging.
 
Figure 7. Singular value decomposition biplot of hybrid by trait for Argentine and 
U.S. hybrids at Castroville, Texas. 
 In Bardwell, the SVD biplot explained 65% of the variation (Figure 8).  Plant 
population and 1000 kernel weight showed positive correlation with grain yield, as did 
plant height.  Test weight and grain moisture were also positively correlated, with 
hybrids AGRI124 and NK900TDMAX showing high values for these traits (Figure 8) 
(Table 7).  Hybrids P32R25, P31B13, and AX890MG had the highest yields and some of 
the highest 1000 kernel weights in Bardwell (Figure 8) (Table 5).  
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   PP=plant population, GY=grain yield, 1K=1000 kernel weights, PH=plant height, TW=test weight, MS=moisture.  
Figure 8. Singular value decomposition biplot of hybrid by trait for Argentine and 
U.S. hybrids at Bardwell, Texas. 
 In Wharton, SVD biplot explained 63% of variation.  The only trait that seemed 
to have positive correlation with grain yield was 1000 kernel weight. One thousand 
kernel weight was positively correlated with plant height and lodging, and lodging with 
test weight and grain moisture (Figure 9).  Hybrids AX878, DKC66-80, AX882MG, and 
P32R25 had the highest grain yields in Wharton (Figure 9) (Table 5). 
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   GY=grain yield, PP=plant population, MS=moisture, TW=test weight, LD=lodging,  PH=plant height, 1K=1000 kernel weights.  
Figure 9. Singular value decomposition biplot of hybrid by trait for Argentine and 
U.S. hybrids at Wharton, Texas. 
 In Granger, SVD biplot explained 61% of the variation.  Grain yield appeared 
positively correlated with plant population, plant height, and 1000 kernel weight. Test 
weight, grain moisture, and 1000 kernel weight were also positively correlated (Figure 
10).  Hybrids P31B13, DKC66-80, W4700, AX934, and AX956 are the highest yielding 
hybrids in Granger, with AX934 also having a fairly high 1000 kernel weight mean 
(Figure 10) (Table 5)(Table 9). 
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Figure 10. Singular value decomposition biplot for hybrid by trait for Argentine 
and U.S. hybrids at Granger, Texas. 
 In Prosper, SVD biplot explained 63% of the variation.  Grain yield was 
positively correlated with plant population, 1000 kernel weight, plant height, and 
possibly test weight (Figure 11). Test weight, grain moisture, and lodging were 
positively correlated.  Hybrids DKC66-80, P32R25, P31B13, AX878, and 
NK900TDMAX were the highest yielding entries in Prosper, with P31B13 and 
NK900TDMAX also having high test weight means (Figure 11) (Table 5)(Table 7). 
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    GY=grain yield, PP=plant population, 1K=1000 kernel weights,, PH=plant height, TW=test weight, MS=moisture, LD=lodging.  
Figure 11. Singular value decomposition biplot for hybrid by trait for Argentine 
and U.S. hybrids at Prosper, Texas. 
 In Halfway, SVD biplot explained 77% of the variation.  Grain yield showed 
positive relationship with plant population, and negative correlation with grain moisture 
(Figure 12). Hybrids W4700, DKC69-70, P31B13, and AX890MG were the highest 
yielding entries in Halfway (Figure 12) (Table 5). 
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Figure 12. Singular value decomposition biplot for hybrid by trait for Argentine 
and U.S. hybrids at Halfway, Texas. 
 In Dalhart, SVD biplot explained 60% of the variation.  Grain yield showed 
positive relationship with both plant population and 1000 kernel weight, and negative 
correlation with test weight and grain moisture (Figure 13).  In addition lodging, plant 
height, and 1000 kernel weight were positively correlated as well as grain moisture and 
test weight.  Hybrids DKC69-70, P31B13, AX882MG, AX889, AX877, and CONDOR 
were the highest yielding entries in Dalhart (Figure 13) (Table 5). 
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Figure 13. Singular value decomposition biplot for hybrid by trait for Argentine 
and U.S. hybrids at Dalhart, Texas. 
 In Dumas, SVD biplot explained 60% of the variation.  Grain yield was 
negatively correlated to lodging and plant height. Plant population, plant height, and 
lodging were positively correlated, as well as moisture and lodging (Figure 14). Hybrids 
AX934, DKC69-70, AX882MG, and P31B13 were the top yielding entries in Dumas 
(Figure 14) (Table 5). 
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Figure 14. Singular value decomposition biplot for hybrid by trait for Argentine 
and U.S. hybrids at Dumas, Texas. 
 In College Station, SVD biplot explained 75% of the variation.  Grain yield 
appears strongly correlated with 1000 kernel weight, and moderately correlated to both 
plant height and test weight (Figure 15).  Hybrids DKC69-70, P32R25, and DKC66-80 
were the highest yielding entries in College Station, and no Argentine hybrid yielded 
higher than the U.S. hybrids. Hybrids AX890MG and AX889 were top yielding 
Argentine hybrids in College Station (Figure 15) (Table 5). 
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Figure 15. Singular value decomposition biplot for hybrid by trait for Argentine 
and U.S. hybrids at College Station, Texas. 
 In Weslaco, SVD biplot explained 58% of the variation.  Grain yield appeared 
related to two groups, one with lodging and 1000 kernel weight and the other with plant 
population, test weight, and grain moisture (Figure 16). Hybrids DKC69-70, DKC66-80, 
AX882MG, and P32R25 were the highest yielding entries in Weslaco (Figure 16) (Table 
5). 
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Figure 16. Singular value decomposition biplot for hybrid by trait for Argentine 
and U.S. hybrids at Weslaco, Texas. 
 In Corpus Christi, SVD biplot explained 88% of the variation.  Grain yield was 
correlated to 1000 kernel weight (Figure 17).  Highest yielding hybrids for Corpus 
Christi were P31B13, P32R25, DKC69-70, AX889, and AX890MG (Figure 17) (Table 
5). 
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 Figure 17. Singular value decomposition biplot for hybrid by trait for Argentine 
and U.S. hybrids at Corpus Christi, Texas. 
 Relationships between individual traits changed between individual 
environments, as did relationships between hybrids and traits.  Top yielding hybrids in 
the southern environments were not the same as the top yielding hybrids in northern 
environments.  In most environments, however, both plant population and 1000 kernel 
weight appeared positively correlated with grain yield, and grain moisture appeared 
correlated with test weight. 
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Across Environment Analysis 
ANOVA and Means 
 Analysis of variance across environments showed significant differences among 
environments for all traits (Table 16). Significant differences among hybrids across 
environments were found for all traits, and all traits except test weight and lodging 
showed significant differences between Argentine and U.S. hybrids.  There was also 
significant interaction between environments and hybrids for all traits except plant 
population.  Repeatabilities were high and ranged from .79 to .99.   
Table 16. ANOVA table and repeatabilities for grain yield (Mg ha-1), test weights 
(kg hl-1), 1000 kernel weights (g), plant population (plants ha-1), plant height (cm), 
lodging (%), and moisture (%) across all environments for Argentine and U.S. 
hybrids. 
 
 Overall means for grain yield, test weight, 1000 kernel weight, plant population, 
lodging, and grain moisture are presented in Table 17.  U.S. hybrids had a higher mean 
grain yield (10.44 Mg ha-1) than the Argentine hybrids (9.41 Mg ha-1), and four of the 
U.S. hybrids (DKC69-70, P31B13, DKC66-80, and P32R25) were the top performers 
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overall for grain yield.  Hybrids AX882MG, AX889, and AX890MG were the highest 
yielding Argentine hybrids across environments (Table 17).   
Table 17. Means for grain yield (Mg ha-1), test weight (kg hl-1), 1000 kernel weights 
(g), plant population (plants ha-1), lodging (%), and grain moisture (%) across all 
environments for Argentine and U.S. hybrids. 
 
 For test weight, U.S. hybrids and Argentine hybrids had the same overall mean, 
but Argentine hybrids showed greater variation in test weights (73.11 to 78.30 kg hl-1) 
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than U.S. hybrids (75.34 to 76.98 kg hl-1).  Argentine hybrids AGRI124, A933, 
AX888IT, CONDOR, and DK682 had the highest test weights, and were greater than the 
test weights of all U.S. hybrids.  The lowest means for test weight were also Argentine 
hybrids though, as AX877, AX878, and AX882 had the lowest values for test weight 
(Table 17).  U.S. hybrids had a higher mean 1000 kernel weight than Argentine hybrids.  
The five U.S. hybrids along with AX889 and AGRI124 had the highest 1000 kernel 
weights, and A933, AX956, CONDOR, and AX878 had the lowest 1000 kernel weights 
(Table 17).   
 U.S. hybrids also performed slightly better for lodging percentage, but other than 
hybrids AX889, AX890MG, and AGRI124 most of the hybrids performed similarly and 
had lodging less than 10%.  Argentine hybrids had lower overall plant heights than the 
U.S. checks, but also more variability.  Argentine hybrids also had higher grain moisture 
percentages at harvest than the U.S. hybrids, although Argentine hybrids DK682, 
AX877, and AX888IT had grain moisture similar to U.S. hybrids.  Coefficients of 
variation were under 10% for all traits except for lodging percentage, which was quite 
high but comparable with single environment analysis (Table 17). 
Relationship Among Traits 
Single value decomposition of hybrid by trait illustrated the correlations between 
the different yield components such as test weight, 1000 kernel weight, grain yield and 
other agronomic traits across environments (Figure 18).  
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Figure 18. Singular value decomposition biplot of hybrid by trait across all 
environments for Argentine and U.S. hybrids. 
  Grain yield was negatively correlated with test weight and grain moisture when 
overall means across environments are used in SVD. However, when single 
environmental means for grain yield and test weight were plotted against each other, 
Dalhart had distinguishable high grain yield and test weight means values (Figure 19). 
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Figure 19. Test weight means vs. grain yield means at different environments in 
Texas for Argentine and U.S. hybrids.  
 Grain yield and 1000 kernel weight appeared positively correlated, as when 1000 
kernel weight increases across environments the grain yield also increases (Figure  20).  
Again Dalhart stands out from the other environments with higher 1000 kernel weights 
and grain yields, and the other environments are clustered fairly tightly with lower grain 
yield and 1000 kernel weights.   
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Figure 20. 1000 kernel weight means vs. grain yield means at different 
environments in Texas for Argentine and U.S. hybrids. 
 The relationship between test weight and 1000 kernel weight is also 
indistinguishable from this data (Figure 21).  Environments seem to behave more 
similarly, as Dalhart is not as distinguishable except for higher 1000 kernel weights, and 
its data points cluster closer to the other environments. 
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Figure 21. Test weight means vs. 1000 kernel weight means at different 
environments in Texas for Argentine and U.S. hybrids. 
 Stability Analysis 
 Regression stability parameters for grain yield, test weight, and 1000 kernel 
weight are reported below. For grain yield the range in slopes was from 0.75 to 1.25 with 
value of 1 being most stable (Table 18).  For test weights, the range was 0.60 to 1.48.  
For 1000 kernel weights the range was 0.35 to 1.67.  Argentine hybrids appear more 
stable across environments in Texas for grain yield, although they have lower overall 
yields (Figure 22) (Table 18).  Argentine hybrids NK900TDMAX, AX884IT, and 
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AX890MG were the most stable hybrids for grain yield.  W4700 was the most stable 
U.S. hybrid for grain yield, and was also the lowest yielding U.S. hybrid. 
Table 18. Regression stability parameters for hybrids across environments in Texas 
for Argentine and U.S. hybrids.  
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Figure 22. Grain yield vs. regression slope for Argentine and U.S. hybrids across 
Texas environments.  
 The SVD biplot for grain yield shows some environmental groupings (Figure 
23). Wharton, Granger, and Prosper (rain fed environments) grouped close to each other, 
and Dalhart and Dumas (high yielding, high plains environments) were close to each 
other and had longer vectors than other environments (Figure 23). Hybrid points that are 
close to environment vectors show adaptation to that environment for a particular trait.  
Overall, the SVD biplot explains 58% of the variation.    
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Figure 23. Singular value decomposition biplot for grain yield across Texas 
environments for Argentine and U.S. hybrids. 
 Slope and means are presented in similar fashion for test weights, and there is a 
much greater range in slopes although there are several hybrids that had slopes close to 1 
(Figure 24) (Table 18). Hybrids AX888IT and DKC69-70 had slopes very near 1 and 
high test weights. Hybrids AX934, and NK900TDMAX had slopes near 1 and test 
weights above the overall mean. AX890MG had slope near 1 and had test weight mean 
just under the overall mean (Figure 24).  
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Figure 24. Test weights vs. regression slope for Argentine and U.S. hybrids across 
Texas environments.  
 The SVD biplot for test weight shows strong grouping for environments. Prosper, 
Castroville, and Bardwell group together (Figure 25). Wharton, Granger, Corpus Christi, 
and College Station also group together. Dalhart and Weslaco represent an additional 
group.  The SVD biplot explained 52% of the variation among environments for test 
weight. 
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Figure 25. Singular value decomposition biplot for test weight across Texas 
environments for Argentine and U.S. hybrids. 
 For 1000 kernel weight, Argentine hybrids AX956, CONDOR, AX888IT, and 
NK900TDMAX, along with U.S. hybrids DKC69-70 and P32R25 were most stable 
across environments (Figure 26) (Table 18).  The U.S. hybrids showed higher 1000 
kernel weight means than Argentine hybrids (Figure 26). Hybrid AX888IT had 1000 
kernel weight mean slightly higher than the overall test mean and slope near 1 (Figure 
26). 
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Figure 26. 1000 kernel weights vs. regression slope across Texas environments for 
Argentine and U.S. hybrids.   
 The SVD biplot for 1000 kernel weights showed three distinct groupings for 
environments (Figure 27).  Castroville, College Station, Granger, Prosper, and Weslaco 
behaved similarly, and Bardwell, Corpus Christi, and Wharton behaved similarly. 
Dalhart behaved differently from all other environments, and had the longest ray 
indicating heavy 1000 kernel weight means with large amount of variation (Figure 27). 
The SVD biplot explained 53% of the variation. 
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Figure 27. Singular value decomposition biplot for 1000 kernel weights across 
Texas environments for Argentine and U.S. hybrids. 
 For grain moisture, there were three main clusters of environments (Figure 28). 
Dalhart and Dumas behaved similarly for grain moisture, but Halfway seemed to 
perform unlike other environments, although these three environments had the highest 
overall grain moisture means and are all high plains environments (Figure 28) (Table 
15). Bardwell, Castroville, Wharton, and Weslaco behaved similarly for grain moisture, 
and Prosper, Granger, Wharton, and Bardwell also grouped together. The SVD biplot 
explained 82% of the variation. 
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Figure 28. Singular value decomposition biplot for grain moisture across Texas 
environments for Argentine and U.S. hybrids. 
 For lodging percentage, there were three groups among environments, with both 
Castroville and Wharton not showing relationships with other environments (Figure 29). 
These two environments had the highest lodging percentage, and the other grouping with 
environments Weslaco, Dumas, Prosper, Granger, and Dalhart had low incidence of 
lodging.  The SVD biplot explained 88% of the variation. 
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Figure 29. Singular value decomposition biplot for lodging across Texas 
environments for Argentine and U.S. hybrids. 
 For plant height, there were three main groups of environments, with Dalhart, 
Wharton, and Bardwell behaving similarly, and Dumas, Prosper, and Halfway showing 
relationship (Figure 30). The third group was made up of environments College Station, 
Granger, Castroville, and Bardwell. The SVD biplot explained 58% of the variation. 
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Figure 30. Singular value decomposition biplot for plant height across Texas 
environments for Argentine and U.S. hybrids. 
Discussion and Conclusions 
 Excellent growing conditions and above average rainfall during 2004 led to 
higher overall grain yields in Texas.  There was a wide range in environmental means 
for grain yield as well as hybrid differences in many environments and across 
environments.  In addition, the Argentine hybrids and U.S. hybrids as groups had 
different grain yield means in several environments.  Overall the U.S. hybrids had higher 
overall grain yields, but several of the Argentine hybrids were competitive such as 
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hybrids AX889 and AX882MG that had overall grain yield means over 10 Mg ha-1, 
comparable with U.S. hybrids. 
 The Argentine hybrids performed very well for grain yield in Dalhart, Bardwell, 
and Wharton as 10, 9, and 9 of the Argentine hybrids respectively were not significantly 
different from the highest yielding entry in those environments.   In four environments 
Argentine hybrids had the highest overall mean, with AX878 yielding the most in 
Wharton and Prosper, and AX934 having the highest grain yield mean in Granger and 
Dumas.  In environments Castroville, College Station, Corpus Christi, and Weslaco, 
Argentine hybrids did not show as much competition for grain yield as only one 
Argentine hybrid (AX889) was not significantly different from the highest mean.  
Overall the Argentine hybrids show promise, especially in certain environments, for 
grain yield in Texas. 
 For test weight, several of the environments showed differences, while overall 
significant differences (P<0.05) were not realized among hybrids.  U.S. hybrids showed 
a smaller range in test weight means both in single environments and across 
environments, as opposed to the Argentine hybrids, which had some of the heaviest test 
weights but also some of the lightest.  Some of the hybrids had seed appearance similar 
to U.S. hybrids. In recent years Argentine maize breeding programs have increased the 
incorporation and use of elite inbreds from the U.S. Corn Belt leading to materials that 
may show some dent characteristics in the grain. In single environments hybrid 
AGRI124 had the highest test weight mean in six environments, and A933 had the 
highest test weight mean in the other three environments.  AX888IT had one of the 
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highest means in five environments.  Environment played a role in test weight means, as 
the lightest test weights were found in Wharton, and the heaviest in Dalhart with almost 
2.5 kg hl-1 difference between them.    
 For 1000 kernel weight, a similar environmental pattern was evident as again 
Dalhart had the highest mean for 1000 kernel weight, and Wharton one of the lowest.  
U.S. hybrids had higher means for 1000 kernel weight, with many greater than 300 
grams in individual environments and overall.  A few of the Argentine hybrids, such as 
AX889 and AGRI124, had similar 1000 kernel weight means, but overall the Argentine 
hybrids had lower 1000 kernel weights and also showed more variation.  There also 
wasn’t as much difference between environments for individual hybrid performance for 
1000 kernel weight.  1000 kernel weight might be a trait for indirect selection for grain 
yield though, as it appeared positively correlated in several environments and overall 
with grain yield.  Selection for heavier 1000 kernel weight may be a way to increase 
grain yield of the Argentine hybrids. 
 Only two environments, Castroville and Wharton, showed substantial plant 
lodging among all hybrids, but a few individual hybrids had lodging problems in Dalhart 
and Dumas.  Other than AX889, AX890MG, and AGRI124, which had high percentage 
of lodging overall, the Argentine hybrids performed similarly to the U.S. hybrids.  These 
hybrids also had taller plants, but other than AGRI124, did not differ by much from the 
U.S. hybrids for plant height.  To make use of Argentine hybrids in a breeding program, 
lodging percentage would have to be addressed especially for the three hybrids that 
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suffered the most lodging.  For most of the Argentine hybrids, plant height means were 
actually shorter than the U.S. hybrids. 
 Another potential limiting factor for the Argentine hybrids was grain moisture, 
and overall the U.S. hybrids had lower grain moisture percentage means than the 
Argentine hybrids, but again the Argentine material showed more range in moisture.  
Environments also were quite different for grain moisture and there was over 10% 
difference between Castroville and Bardwell (less than 12% moisture) compared to 
Halfway, Dalhart, and Dumas (over 21% moisture).  However, hybrids AX877, 
AX888IT, and DK682 had grain moisture percentage under 15%, and several more 
Argentine hybrids had grain moisture percent between 15 and 16%.   
 Correlation between traits varied between environments, but in most 
environments plant population and 1000 kernel weights were positively correlated with 
grain yield, grain moisture was positively correlated with test weight, and grain yield 
was negatively correlated with test weight and grain moisture.  This could be useful as 
selection for heavier 1000 kernel weight could be used to increase grain yield.  Also if 
heavier 1000 kernel weights could be selected while maintaining some of the heavier test 
weights of the Argentine hybrids, progress could be made for grain yield.  Smaller, 
denser kernels of the Argentine hybrids could be selected for size to try and obtain 
larger, denser kernels that would compete with the larger, less dense kernels of U.S. 
hybrids 
 For stability many of the Argentine hybrids were more stable across individual 
environments for a variety of traits compared to the U.S. hybrids.  Many of the 
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Argentine hybrids were also less stable than the U.S. hybrids.  With such a wide variety 
of environments being used for testing, the stability of several hybrids would improve 
greatly if hybrids were targeted for certain groups of environments.   
 Overall differences were seen in performance of hybrids for different traits in 
different environments.  While the U.S. hybrids were good performers across the state, 
the Argentine hybrids performed well in several environments and not as well in others.  
Several of the Argentine hybrids are competitive with U.S. hybrids for grain yield and 
have heavy test weights.  Lodging and grain moisture may be problematic for some of 
the Argentine hybrids, but could be improved under selection.  In addition selection for 
heavier 1000 kernel weights could improve grain yield performance. 
 Due to problems with lodging and grain moisture, and the fact that Argentine 
hybrids were competitive but not the highest yielding hybrids when compared with U.S. 
hybrids, the Argentine hybrids probably wouldn’t be acceptable for use in production 
agriculture in Texas in their current state.  A better use would be to incorporate 
Argentine materials into U.S. breeding programs and select against lodging, grain 
moisture, and for heavier 1000 kernel weights and higher yields. Inbreds developed 
through this selection process would then be readily available to cross with elite U.S. 
temperate inbreds, or to develop maize populations with exotic alleles from the 
Argentine germplasm. 
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CHAPTER IV 
LAMA TESTCROSSES 
Introduction 
Exotic Maize Incorporation 
 Compared with the many races of maize found worldwide, U.S. temperate maize 
is believed to have a relatively narrow genetic base.  This could be problematic for U.S. 
maize breeders, as a lack of genetic variation will slow gain for grain yield and quality 
traits. By incorporating maize germplasm from other sources, such as tropical and 
subtropical South American maize, genetic variation can potentially be increased in U.S. 
maize.  While new genes for productivity, disease resistance, and quality traits may be 
available in exotic maize, efforts to make use of this material in U.S. breeding programs 
have often failed in the past. 
 One difficulty in incorporating exotic germplasm is the lack of agronomic 
suitability to U.S. growing conditions, as maturity, grain moisture, and stalk and root 
lodging are important traits that affect the ability of maize to be machine harvested.  
Along the same line, it is difficult to cross exotic and U.S maize if the flowering dates 
are far apart, making exotic maize not immediately useful for inbred development and 
hybrid production.  In addition, by adding genetic variation, one hopes to add favorable 
alleles to the targeted material without losing favorable alleles from the adapted material, 
and this can affect the mean performance for grain yield and other traits (Dudley, 1982).   
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Some programs have tried to address these issues by adapting exotic maize 
crossing exotic maize with temperate maize to create semi-exotic populations that can 
then be used for testcrosses or breeding purposes (Crossa and Gardner, 1987; Holland 
and Goodman, 1995; Holland et al., 1996).  Often with a diverse cross, and if the 
adapted parent has more favorable alleles, the semi-exotic line can then be backcrossed 
to the adapted parent again, providing faster adaptation, and materials that are easier to 
work with in the breeding program (Crossa and Gardner, 1987; Dudley, 1982).  This is 
considered introgression, as smaller amounts of the exotic germplasm will be found in 
the materials that result from the backcrosses and there is a chance that beneficial genes 
from the exotic maize or the adapted material could be lost during the conversion 
process, especially when multiple backcrosses are made (Crossa and Gardner, 1987; 
Holland, 2004; Simmonds, 1993). 
 Other methods have also been used in order to make use of exotic maize as well.  
In the Corn Belt, both mass selection for earliness and intermating exotic maize with 
early inbreds showed reduction in days to silking and ear height after several cycles of 
selection (Hallauer and Sears, 1972).  Other groups have practiced several cycles of 
selection for adaptation on exotic materials during the inbreeding process to develop 
U.S. temperate adapted 100% tropical materials (Holley and Goodman, 1988; Lewis and 
Goodman, 2003; Uhr and Goodman, 1995a; Uhr and Goodman, 1995b). 
Subtropical x Temperate Maize Hybrids 
 By selecting for earliness, decreased plant and ear height, and other 
agronomically important traits without crossing the exotic maize and adapted materials 
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one can create materials that are 100% exotic germplasm, but are adapted to temperate 
environments and are then easily incorporated into a breeding program for extraction of 
inbred lines or population improvement.  Several different breeding programs in the U.S. 
have had varying levels of success by creating 100% tropical adapted lines and using 
them in hybrids (Castillo-Gonzalez and Goodman, 1989; Crossa and Gardner, 1987; 
Lewis and Goodman, 2003; Uhr and Goodman, 1995a; Uhr and Goodman, 1995b). 
Materials and Methods 
Line and Testcross Development 
 Early generation tropical maize lines from commercial companies in South 
America were obtained and grown in Weslaco, Texas (a subtropical environment).  
These materials were then advanced under selection for maturity, grain quality, husk 
cover, hard endosperm, and standability in nurseries in Weslaco and College Station, 
Texas during the fall and summer respectively.  Selected lines, known as LAMA lines, 
were 100% tropical maize lines better adapted to southern U.S. environments. 
Selected S4, lines were testcrossed to elite inbred lines LH195 and LH210 
(Holden’s Foundation Seeds) in 2003 for evaluation during 2004.  Due to contamination 
of LH210 crosses with red kernel maize germplasm, the LH210 crosses were not 
evaluated or presented in this thesis.  Seed shortage also limited the number of entries in 
several environments, so a balanced dataset of fifteen LAMA testcrosses and five U.S. 
hybrids are presented below.  In the Appendix results for all the LH195 testcrosses are 
presented for the traits measured (Tables 41-54)(Figure 54).   
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Experimental Design 
 Texas environments used for testing ranged from subtropical to temperate and 
spanned over ten degrees of latitude (Table 2).  These environments are representative 
samples of typical maize production environments in Texas.  An alpha lattice design 
with incomplete blocks was used with either two or three replications per environment.  
Experimental units consisted of two row plots everywhere but Weslaco, College Station, 
and Corpus Christi, where one row plots were used.  Trials were planted in spring 2004 
starting in February and ending in May depending on planting dates for each region.  
Standard agronomic and cultural practices at each environment were applied. 
 Traits measured included plant and ear heights, lodging, grain yield, test weights, 
and grain moisture.  Plant height was taken at the end of growing season before harvest 
by measuring from the ground to the tip of the tassel, and ear height was taken from the 
ground to the base of the primary ear.  Plant population was determined by counting the 
total number of plants per plot before harvest and converting to plants per hectare.  
Lodging was taken as both root lodging and stalk lodging and then combined and 
expressed as a percentage by combining number of plants root and stalk lodged then 
dividing by the total number of plants in a plot. Grain yield (adjusted to 15.5% grain 
moisture), grain moisture, and test weights were taken by mounted harvesting equipment 
in the combine during harvest. 
Statistical Analysis 
 Single environment analysis of variance for grain moisture, grain yield, lodging, 
plant height, plant population, and test weights was conducted using Proc GLM in SAS 
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9.0 (SAS Institute, 2002).  For all traits, contrasts were computed to compare the overall 
performance of LAMA testcrosses vs. U.S. hybrids.  Hybrid and environmental trait 
means were determined in SAS 9.0.  Correlations among traits were examined using 
singular value decomposition at each environment. 
 Analysis of variance across environments was conducted with Proc GLM in 
SAS.  Means across environments were determined using Proc Mixed in SAS 9.0 (SAS 
Institute, 2002) considering the hybrids as fixed effects, and environments as random 
effects.  Overall means were used to determine trait correlation using SVD. Stability 
analysis was done using linear regression of hybrids on environmental indices (Eberhart 
and Russell, 1966; Lipkovich and Smith, 2001). 
 One of the problems with the analysis of this experiment is seed shortage forced 
us to substitute lines in some environments and many LAMA testcrosses were not 
planted in as many environments.  For this thesis, a balanced dataset was used with 
LAMA testcrosses and U.S. hybrids that were present in most of the environments.  In 
the Appendix, additional tables and charts with all LAMA testcrosses and U.S. hybrids 
can be found.  
Results 
Single Environment Analysis 
ANOVA and Means 
 For plant population, only Castroville and Wharton had significant differences 
(P<0.05) among hybrids (Table 19).  Replications were not significant in any 
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environment, and plant populations should be comparable between replications within 
environments (Table 19).   
Table 19. Analysis of variance for plant population (plants ha-1) at Texas 
environments for LAMA testcrosses and U.S. hybrids. 
 
 For grain yield, replications within environments were only significant (P<0.05) 
in one environment, but due to low error terms in all environments, field variation for 
grain yield was not a problem (Table 20).  Grain yield was significantly different 
(P<0.05) among hybrids in College Station, Castroville, Dumas, Weslaco, and Corpus 
Christi (Table 20).  Significant differences (P<0.05) between U.S. hybrids and LAMA 
testcrosses were found in Castroville, Dumas, Weslaco, and Corpus Christi.  
Repeatabilities ranged from .22 to .86 with most environments being above .50 (Table 
20). 
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Table 20. Analysis of variance for grain yield (Mg ha-1) at Texas environments for 
LAMA testcrosses and U.S. hybrids. 
 
 With excellent overall grain yields during the summer of 2004, environments 
College Station and Dumas had the highest overall grain yield, and Wharton and 
Weslaco had the lowest grain yield (Table 21) (Figure 31).  U.S. hybrids had higher 
grain yield means than LAMA testcrosses in all environments except Castroville, where 
they were the same (Figure 31).  Coefficients of variation values were all less than 11%. 
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Table 21. Grain yield means (Mg ha-1) for LAMA testcrosses and U.S. hybrids at 
each environment. 
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6.0
7.0
8.0
9.0
10.0
11.0
12.0
CS CA WH BA DU WE CC
Environment
Overall Mean LAMA TC Mean U.S. Hybrid Mean
** ** ** **
* Significant difference P<0.05 between LAMA TC Mean and U.S. Hybrid Mean.
** Significant difference P<0.01 between LAMA TC Mean and U.S. Hybrid Mean.
  CS=College Station, CA=Castroville, WH=Wharton, BA=Bardwell, DU=Dumas, WE=Weslaco, CC=Corpus Christi.  
Figure 31. Grain yield means for all hybrids, LAMA testcrosses, and U.S. hybrids 
across environments. 
 For test weight, no environments had significant differences (P<0.05) among 
replications (Table 22).  Test weights were significantly different (P<0.05) among 
hybrids in all environments, and were significantly different (P<0.05) between U.S. 
hybrids and LAMA testcrosses in all environments except Dumas (Table 22).  
Repeatabilities were high, ranging from .53 to .95, indicating that differences among 
hybrids were due mainly to genotypic differences (Table 22). 
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Table 22. Analysis of variance for test weight (kg hl-1) at Texas environments for 
LAMA testcrosses and U.S. hybrids. 
 
 Environments College Station and Castroville had the highest test weights, while 
environments Wharton and Dumas had the lowest test weights (Table 23) (Figure 32).  
In all environments except Dumas, LAMA testcrosses had higher test weight means than 
U.S. hybrids (Table 23).  Coefficients of variation values were very low, all 
environments less than 1% except for Wharton where it was 2.27%. 
 
 
 
 79
Table 23. Test weight means (kg hl-1) for LAMA testcrosses and U.S. hybrids at 
each environment. 
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73.0
74.0
75.0
76.0
77.0
78.0
79.0
80.0
CS CA WH BA DU WE
Environment
Overall Mean LAMA TC Mean U.S. Hybrid Mean
* Significant difference P<0.05 between LAMA TC Mean and U.S. Hybrid Mean.
** Significant difference P<0.01 between LAMA TC Mean and U.S. Hybrid Mean.
  CS=College Station, CA=Castroville, WH=Wharton, BA=Bardwell, DU=Dumas, WE=Weslaco.
** ** ** ** **
 
Figure 32. Test weight means for all hybrids, LAMA testcrosses, and U.S. hybrids 
across environments. 
 For lodging percentage, replications within environments were not significant 
(P<0.05) in any environment, and error terms were low everywhere but College Station 
and Castroville, indicating field variation wasn’t an issue for lodging percentage (Table 
24).  Environments Wharton and Weslaco had significant differences (P<0.05) among 
hybrids.  Significant differences (P<0.05) between U.S. hybrids and LAMA testcrosses 
were found in College Station and Weslaco.  Repeatabilities were variable and ranged 
from .00 to .72 (Table 24). 
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Table 24. Analysis of variance for lodging (%) at Texas environments for LAMA 
testcrosses and U.S. hybrids. 
 
 For lodging percentage, Castroville and College Station had the highest lodging 
percentages, and Bardwell and Wharton had the lowest means (Table 25) (Figure 33).  In 
College Station and Weslaco where significant differences between U.S. hybrids and 
LAMA testcrosses were detected, the LAMA testcrosses had higher means for lodging 
(Table 24)(Table 25).  Coefficients of variation values were high for all environments 
and ranged from 69.5% to 600.0%. 
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Table 25. Lodging means (%)for LAMA testcrosses and U.S. hybrids at each 
environment. 
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0.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
18.0
CS CA WH BA DU WEEnvironment
Overall Mean LAMA TC Mean U.S. Hybrid Mean
* **
* Significant difference P<0.05 between LAMA TC Mean and U.S. Hybrid Mean.
** Significant difference P<0.01 between LAMA TC Mean and U.S. Hybrid Mean.
  CS=College Station, CA=Castroville, WH=Wharton, BA=Bardwell, DU=Dumas, WE=Weslaco.  
Figure 33. Lodging percentage means for all hybrids, LAMA testcrosses, and U.S. 
hybrids across environments. 
 For plant height, replications within environments were significant (P<0.05) only 
in Bardwell and College Station (Table 26).  Plant heights were significantly different 
(P<0.05) among hybrids in Castroville, Bardwell, Wharton, and College Station.  
Significant differences (P<0.05) between LAMA testcrosses and U.S. hybrids were 
detected in Wharton, Bardwell, and College Station.  Repeatabilities were mostly high 
and ranged from .33 to .80. 
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Table 26. Analysis of variance for plant height (cm) at Texas environments for 
LAMA testcrosses and U.S. hybrids. 
 
 Environments Dumas and College Station had the tallest plants and environments 
Castroville and Bardwell had the shortest plants (Table 27) (Figure 34).  In Wharton, 
Bardwell, and College Station there were significant differences between LAMA 
testcrosses and U.S. hybrids, with LAMA testcrosses being shorter than U.S. hybrids 
(Figure 34).  Coefficients of variation values were low (less than 5%) in all 
environments. 
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Table 27. Plant height means (cm) for LAMA testcrosses and U.S. hybrids at each 
environment. 
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150.0
175.0
200.0
225.0
250.0
275.0
300.0
325.0
CS CA WH BA DU CS
Environment
Overall Mean LAMA TC Mean U.S. Hybrid Mean
** ** *
* Significant difference P<0.05 between LAMA TC Mean and U.S. Hybrid Mean.
** Significant difference P<0.01 between LAMA TC Mean and U.S. Hybrid Mean.
  CS=College Station, CA=Castroville, WH=Wharton, BA=Bardwell, DU=Dumas, CS=College Station.  
Figure 34. Plant height means for all hybrids, LAMA testcrosses, and U.S. hybrids 
across environments. 
 For grain moisture, only Weslaco had significant differences (P<0.05) between 
replications (Table 28).  Significant differences (P<0.05) among hybrids were detected 
in all environments, as well as significant differences (P<0.05) between LAMA 
testcrosses and U.S. hybrids.  Repeatabilities were very high and ranged from .74 to .97, 
indicating that differences among hybrids for grain moisture were due mainly to 
genotypic differences. 
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Table 28. Analysis of variance for grain moisture (%) at Texas environments for 
LAMA testcrosses and U.S. hybrids. 
 
 Environments Dumas and Weslaco had the highest grain moisture percentages, 
and environments College Station and Bardwell had the lowest grain moisture means 
(Table 29) (Figure 35).  In all environments U.S. hybrids had lower grain moisture 
means than LAMA testcrosses.  Coefficients of variation values were low (most of them 
less than 5%) in all environments. 
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Table 29. Grain moisture means (%) for LAMA testcrosses and U.S. hybrids in 
each environment. 
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5.0
7.0
9.0
11.0
13.0
15.0
17.0
19.0
21.0
CS CA WH BA DU WE
Environment
Overall Mean LAMA TC Mean U.S. Hybrid Mean
************
* Significant difference P<0.05 between LAMA TC Mean and U.S. Hybrid Mean.
** Significant difference P<0.01 between LAMA TC Mean and U.S. Hybrid Mean.
  CS=College Station, CA=Castroville, WH=Wharton, BA=Bardwell, DU=Dumas, WE=Weslaco.  
Figure 35. Grain moisture means for all hybrids, LAMA testcrosses, and U.S. 
hybrids across environments. 
Relationship Among Traits 
 Singular value decomposition biplots were used to illustrate trait correlations in 
individual environments.  In College Station the SVD biplot explained 69% of the 
variation among traits (Figure 36).  The only trait that showed positive correlation with 
grain yield was plant population.  Grain moisture, test weight, and lodging percentage 
were also positively correlated.  In College Station the U.S. hybrids along with LAMA 
testcross TX-LAMA2002-58-1-B/LH195 were the highest yielders, with TX-
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LAMA2002-58-1-B/LH195 yielding higher than three of the U.S. hybrids (Figure 36) 
(Table 21). 
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 GY=Grain Yield, PP=Plant Population, PH=Plant Height, LD=Lodging Percentage, TW=Test Weight, MS=Grain Moistu  
Figure 36. Singular value decomposition biplot for hybrid by trait for LAMA 
testcrosses and U.S. hybrids at College Station. 
 In Castroville, the SVD biplot explained 68% of the variation among traits 
(Figure 37).  Plant height showed positive correlation with grain yield, and lodging 
percentage showed negative correlation with grain yield.  Test weight and grain 
moisture, as well as lodging and plant population also appear to be positively correlated.  
Hybrids TX-LAMA2002-9-2-B/LH195 and TX-LAMA2002-42-2-B/LH195 were the 
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highest yielding, with several more LAMA testcrosses yielding comparably with U.S. 
hybrids (Figure 37) (Table 21). 
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Figure 37. Singular value decomposition biplot for hybrid by trait for LAMA 
testcrosses and U.S. hybrids at Castroville. 
In Wharton, the SVD biplot explained 71% of the variation among traits (Figure 
38).  Grain yield was not positively correlated with any other trait, but was negatively 
correlated with grain moisture and test weight.  Both lodging percentage and plant height 
were positively correlated, as well as grain moisture and test weight.  Hybrids in 
Wharton were not significantly different (P<0.05), but four of the U.S hybrids (DKC66-
80, DKC69-70, P31B13, and P32R25) and two of the LAMA testcrosses (TX-
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LAMA2002-9-2-B/LH195 and TX-LAMA-2002-25-5-B/LH195) had grain yields above 
7.5 Mg ha-1 (Figure 38) (Table 21). 
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Figure 38. Singular value decomposition biplot for hybrid by trait for LAMA 
testcrosses and U.S. hybrids at Wharton. 
 
 
 
 93
In Bardwell, the SVD biplot explained 63% of the variation among traits (Figure 
39).  Grain yield was positively correlated with plant population.  Grain moisture was 
positively correlated with test weight, and plant population was positively correlated 
with plant height, and plant height was positively correlated with lodging percentage.  
While significant differences (P<0.05) for grain yield were not detected in Bardwell 
either, U.S. hybrid DKC69-70 and LAMA testcrosses TX-LAMA2002-9-2-B/LH195, 
TX-LAMA2002-12-1-B/LH195, and TX-LAMA2002-14-B-B/LH195 had grain yields 
greater than 9.0 Mg ha-1 (Figure 39) (Table 21). 
In Dumas, the SVD biplot explained 57% of the variation among traits (Figure 
40).  Grain yield was positively correlated with test weight and maybe plant height and 
grain moisture, but was negatively correlated with lodging percentage.  Grain moisture 
and plant height were positively correlated.  U.S. hybrids DKC69-70 and P31B13 and 
LAMA testcrosses TX-LAMA2002-6-1-B/LH195 and TX-LAMA2002-9-2-B/LH195 
were the highest yielding hybrids in Dumas, with grain yields above 11.0 Mg ha-1 
(Figure 40) (Table 21). 
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Figure 39. Singular value decomposition biplot for hybrid by trait for LAMA 
testcrosses and U.S. hybrids at Bardwell. 
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Figure 40. Singular value decomposition biplot for hybrid by trait for LAMA 
testcrosses and U.S. hybrids at Dumas. 
 In Weslaco, the SVD biplot explained 64% of the variation among traits (Figure 
41).  Grain yield was not positively correlated with any traits, and was negatively 
correlated with both plant population and lodging percentage.  Test weight and grain 
moisture were positively correlated.  The highest yielding hybrid was DK69-70 (9.24 
Mg ha-1), followed by DKC66-80 (8.29 Mg ha-1) and TX-LAMA2002-12-1-B/LH195 
(8.14 Mg ha-1) (Figure 41) (Table 21). 
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Figure 41. Singular value decomposition biplot for hybrid by trait for LAMA 
testcrosses and U.S. hybrids at Weslaco. 
 In Corpus Christi not enough traits were measured to examine trait relationships.  
There were large differences in grain yield between the U.S. hybrids and LAMA 
testcrosses with the LAMA testcrosses not being very competitive for grain yield (Table 
21). 
 
 
 97
Across Environment Analysis 
ANOVA and Means  
 For analysis across environments, significant differences (P<0.05) were found 
among hybrids for all traits (Table 30).  All traits except lodging showed significant 
(P<0.05) differences between LAMA testcrosses and U.S. hybrids.  There were also  
Table 30. Analysis of variance across environments for grain yield (Mg ha-1), plant 
population (plants ha-1), test weight (kg hl-1), plant height (cm), lodging (%), and 
grain moisture (%) for LAMA testcrosses and U.S. hybrids. 
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significant interactions (P<0.05) between environments and hybrids for all traits except 
plant height.  Repeatabilities ranged from .50 to .94. 
 Overall means for grain yield, test weight, grain moisture, plant height, lodging 
percentage, and plant population are reported in Table 31.  U.S. hybrids had a higher 
mean grain yield (9.10 Mg ha-1) than the LAMA testcross mean (8.26 Mg ha-1), and 
lower grain moisture (13.08%), test weight (75.50 kg hl-1), and lodging percentage 
(4.27%) than LAMA testcrosses (14.74%, 77.18 kg hl-1, and 6.51% respectively) (Table 
31).  Coefficients of variation values were low (less than 10%) for all traits except for 
lodging (109.95%), comparable with single environment analysis. 
The top yielding hybrids were U.S. hybrids DKC66-80, DKC69-70, P31B13 and 
LAMA testcross TX-LAMA2002-9-2-B/LH195, all of which had grain yields greater 
than 9.0 Mg ha-1 across environments (Table 31).  TX-LAMA2002-44-B-B/LH195 
(79.17 kg hl-1) and TX-LAMA2002-46-3-B/LH195 (78.14 kg hl-1) had the heaviest test 
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Table 31. Across environment trait means for grain yield (Mg ha-1), test weight (kg 
hl-1), plant population (plants ha-1), lodging (%), plant height (cm), and grain 
moisture (%) for LAMA testcrosses and U.S. hybrids. 
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weight means across environments and several of the LAMA testcrosses had test weight 
means over 77.00 kg hl-1.  U.S. hybrids LH195 x LH210 (2.65%) and DKC66-80 
(2.82%) had the lowest means for lodging, but LAMA testcrosses LAMA2002-20-4-
B/LH195 (2.94%) and TX-LAMA2002-14-B-B/LH195 (2.99%) were also competitive.  
For grain moisture, all U.S. hybrids except DKC69-70 (14.03%) were below 14% 
moisture, and the LAMA testcrosses with the lowest grain moisture, TX-LAMA2002-6-
1-B/LH195 (13.67%) and TX-LAMA2002-25-5-B/LH195 (13.81%) were comparable to 
U.S. hybrids (Table 31). 
Relationship Among Traits 
 The SVD biplot of hybrid by trait illustrated correlations between different yield 
components and other agronomic traits across environments (Figure 42).  This SVD 
biplot explained 64% of the variation for the two-way table hybrid by trait across 
environments.  Grain yield was positively correlated with plant population, and 
negatively correlated with grain moisture and test weight.  Test weight and grain 
moisture were positively correlated.  Plant height and lodging percentage appeared to be 
positively correlated (Figure 42). 
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Figure 42. Singular value decomposition biplot for across environment hybrid by 
trait for LAMA testcrosses and U.S. hybrids. 
Stability Analysis 
 Regression stability parameters for grain yield, test weight, plant height, lodging 
percentage, and grain moisture are reported in Table 32.  For grain yield the range in 
slopes was from .44 to 1.51, -.01 to 1.57 for test weight, .55 to 1.42 for plant height, .75 
to 1.39 for grain moisture, and .22 to 2.04 for lodging percentage (Table 32).   
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Table 32. Regression stability parameters for LAMA testcrosses and U.S. hybrids 
across environments in Texas. 
 
 For grain yield, several of the LAMA testcrosses appeared to be the more stable 
across environments than the U.S. hybrids although the LAMA testcrosses did yield less 
(Figure 43) (Table 32).  LAMA testcrosses TX-LAMA2002-25-5-B/LH195, TX-
LAMA2002-17-2-B/LH195, TX-LAMA2002-5-3-B/LH195, and TX-LAMA2002-22-2-
B/LH195 along with U.S. hybrid P32R25 (the second lowest yielding U.S. hybrid across 
environments) had slopes closest to 1 for grain yield.   
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Figure 43. Grain yield vs. regression slope for LAMA testcrosses and U.S. hybrids 
across Texas environments.  
  For test weight, many of the LAMA testcrosses had slopes near 1, as did U.S. 
hybrids P31B13 and DKC69-70 (Figure 44).  Several of the more stable LAMA 
testcrosses had some of the higher test weight means, and most LAMA testcrosses had 
test weights above the overall mean (Figure 44).  DKC66-80, LH195 x LH210, and 
P32R25 had some of the lowest test weights and showed less stability across 
environments for test weight (Figure 44) (Table 32).  
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Figure 44. Test weight vs. regression slope for LAMA testcrosses and U.S. hybrids 
across Texas environments.  
 For grain moisture, the U.S. hybrids had lower grain moisture at harvest than 
LAMA testcrosses.  Most of the LAMA testcrosses had grain moistures above the 
overall mean (Figure 45).  Approximately ten of the LAMA testcrosses were as stable as 
or more stable for grain moisture than the U.S. hybrids.  Both TX-LAMA2002-6-1-
B/LH195 and TX-LAMA2002-25-5-B/LH195 had grain moisture less than the overall 
mean and slopes near 1 comparable with several of the U.S. hybrids (Figure 45).  
 105
TX-LAMA2002-46-3-B/LH195
TX-LAMA2002-44-B-B/LH195
TX-LAMA2002-42-B-B/LH195
TX-LAMA2002-25-5-B/LH195
TX-LAMA2002-20-4-B/LH195
TX-LAMA2002-22-2-B/LH195
TX-LAMA2002-14-B-B/LH195
TX-LAMA2002-13-B2-B/LH195
TX-LAMA2002-12-1-B/LH195
TX-LAMA2002-9-2-B/LH195
TX-LAMA2002-6-1-B/LH195
TX-LAMA2002-5-3-B/LH195
TX-LAMA2002-2-1-B/LH195
TX-LAMA2002-17-2-B/LH195
TX-LAMA2002-58-1-B/LH195
LH195 X LH210
P32R25
P31B13
DKC69-70
DKC66-80
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
12.0 13.0 14.0 15.0 16.0
Grain Moisture (%)
LAMA Testcrosses U.S. Hybrids
Overall Mean
  Hybrids near horizontal line at slope=1 are most stable across environments.  Vertical line denotes overall mean for lodging percenta
 
 
Figure 45. Grain moisture vs. regression slope for LAMA testcrosses and U.S. 
hybrids across Texas environments.  
 For lodging percentage, all five U.S. hybrids and about five of the LAMA 
testcrosses had mean lodging less than the overall mean (Figure 46).  Approximately 12 
of the LAMA testcrosses had stability across environments for lodging comparable to 
U.S hybrids.  TX-LAMA2002-6-1-B/LH195 had low incidence of lodging (less lodging 
than three U.S. hybrids) and one of the slopes nearest to 1 among the hybrids (Figure 
46).  
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Figure 46. Lodging percentage vs. regression slope for LAMA testcrosses and U.S. 
hybrids across Texas environments.  
 For plant height, the LAMA testcrosses had a larger range in heights having both 
the shortest plants and the tallest plants across environments (Figure 47).  Although there 
were some fairly unstable materials in both groups (slopes not near 1) many of the 
hybrids tested had slopes really close to 1 (.90 to 1.10).  LAMA testcrosses TX-
LAMA2002-5-3-B/LH195, TX-LAMA2002-22-2-B/LH195, and TX-LAMA2002-58-1-
B/LH195 all had slopes very near 1 (most stable) and plant heights that were comparable 
to U.S. hybrids (Figure 47).  
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Figure 47. Plant height vs. regression slope for LAMA testcrosses and U.S. hybrids 
across Texas environments.  
Discussion and Conclusions 
 For grain yield there was a large difference between environments with almost 3 
Mg ha-1 difference between College Station and Wharton, the highest and lowest 
yielding environments, respectively.  In College Station and Castroville, the LAMA 
testcrosses were very competitive with U.S. hybrids, and eight LAMA testcrosses in 
College Station and ten LAMA testcrosses in Castroville were not significantly different 
from the highest yielding hybrid.   
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The highest yielding hybrid was TX-LAMA2002-58-1-B/LH195 in College 
Station, TX-LAMA2002-9-2-B/LH195 in Castroville, TX-LAMA2002-25-5-B/LH195 
in Wharton, and TX-LAMA2002-14-4-B/LH195 in Bardwell.  Across environments, 
U.S. hybrids had higher grain yield means, but TX-LAMA2002-9-2-B/LH195 had grain 
yield mean above 9.0 Mg ha-1, and was better yielding than two of the U.S. hybrids.  
Several of the LAMA testcrosses were among the top yielders in two to three 
environments each.  They seem especially well suited for the College Station and 
Castroville regions. 
Test weights among LAMA testcrosses were much heavier than test weights for 
U.S. hybrids.  In each individual environment, the heaviest test weight mean was for a 
LAMA testcross, and TX-LAMA2002-44-B-B/lH195 had the heaviest test weight mean 
in three environments and the heaviest mean overall.  Eight different LAMA testcrosses 
were not significantly different from the heaviest test weight mean entry overall, but all 
the U.S. hybrids were significantly lower.  Bardwell, Castroville, and College Station 
were the best environments for LAMA testcross test weight means, as nine, eight, and 
seven, respectively. LAMA testcrosses did not differ from the entry with the highest test 
weights.  In addition to showing the heaviest test weights, the LAMA testcrosses also 
had a wider range in test weights, which means more variability for selection during 
breeding 
Plant lodging only seemed problematic in College Station and Castroville, where 
over 10% of the plants were lodged.  Individual hybrids may have had lodging problems 
in other environments, but the majority of hybrids had low incidence of lodging 
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elsewhere.  There were not significant differences between the LAMA testcrosses and 
U.S. hybrids for lodging percentage.  Overall, TX-LAMA2002-5-3-B/LH195 had the 
highest lodging mean (14.59%).  It appears that selection for lodging during line 
development helped to solve one of the problems usually associated with using exotic 
germplasm. 
LAMA testcrosses had significantly lower plant heights than the U.S. hybrids.  
While plant height and lodging were thought to be positively correlated, some LAMA 
testcrosses with shorter plant height means actually had the highest incidence of lodging, 
and the U.S. hybrids had taller plant heights, but lower incidence of lodging.   
U.S. hybrids had lower grain moisture percentage means than the LAMA 
testcrosses, but several of the LAMA testcrosses were competitive, with six LAMA 
testcrosses having grain moisture below 14.5%.  So again selection during line 
development of the LAMA testcrosses showed success for lowering grain moisture, 
another problem associated with using exotic germplasm in U.S. breeding programs. 
Stability across environments was quite variable for both U.S. hybrids and 
LAMA testcrosses for different traits.  For grain yield, test weight, grain moisture, 
lodging, and plant height some of the LAMA testcrosses were the most stable (slopes 
near 1) and also the least stable.  Traits such as lodging and test weight showed the most 
diverse stability values for LAMA testcrosses. 
TX-LAMA2002-9-2-B/LH195 was one of the highest yielding entries, had one 
of the heaviest test weights, and lower grain moisture.  While it had a lodging mean of 
7.90%, it was not significantly different than the lowest lodging percentage entry, and 
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also appeared quite stable across environments for several traits.  Several other LAMA 
testcrosses had competitive grain yield and heavy test weights, with low incidence of 
lodging and lower grain moistures.   
In this experiment grain yield was positively correlated with plant population and 
negatively correlated with grain moisture and test weight.  Test weight and grain 
moisture appear positively correlated, as does lodging and plant height. 
These testcrosses need to be evaluated in more environments and possibly the 
Corn Belt, to determine their true performance when compared with U.S. commercial 
hybrids.  In addition a few more cycles of selection for the exotic lines and testcross 
evaluation with other inbred lines would also help determine their value.  Overall they 
appear to be promising for use in breeding program, especially to increase test weight in 
U.S. temperate maize. 
With more selection for grain yield, valuable inbred lines could be developed 
from the 100% tropical materials and used to form elite hybrids with temperate inbreds, 
or possibly other 100% tropical, elite inbreds.  These hybrids could be very competitive 
yielders with current commercial hybrids and possess heavier test weights and possible 
resistance to diseases and insects.  By maintaining selection pressure for grain moisture, 
standability, and grain yield these materials could be improved further and be readily 
useable by different maize breeding programs for sources of new alleles. 
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CHAPTER V 
AFLATOXIN EVALUATION 
Introduction 
Aflatoxin Research 
 Aflatoxin contamination of maize grain, as well as other crops such as peanut, 
cotton, and others, was recognized as a problem and health risk to both humans and 
livestock in the middle of the 20th century (Anderson et al., 1975; Castegnaro and 
McGregor, 1998; Cleveland et al., 2003; Munkvold, 2003).  Many different control 
methods have been proposed and researched, but resistance to preharvest grain 
contamination of maize is the most promising method (Darrah et al., 1987). There are 
several reasons why aflatoxin resistance is difficult to breed for in maize, including the 
cost of testing, difficulty in repeating results due to environment by genotype interaction, 
as well as present inoculation methods that do not always produce enough contamination 
to distinguish between genotypes (Darrah et al., 1987; Widstrom et al., 1984; Widstrom 
et al., 1987; Widstrom et al., 1978). 
Exotic Maize and Mycotoxins 
 Using exotic maize as source of novel alleles for mycotoxin resistance has been 
proposed due to the biotic and abiotic stress tolerance of these materials, although 
agronomic acceptance and adaptation may limit their use (Betrán et al., 2002).  High 
aflatoxin levels are favored by plants that are stressed by lack of water or soil fertility, 
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damage from insects or animals, high temperatures, weed pressure, and agronomic 
practices, and while many of these parameters can be reduced through cultural 
production practices, not all can be eliminated or dealt with easily (Moreno and Kang, 
1999; Munkvold, 2003). 
 The purpose of this experiment was to determine if exotic materials that 
possessed traits such as earliness, foliar disease resistance, tight husk coverage, and 
tolerance of abiotic stresses might be used to reduce preharvest aflatoxin contamination 
of grain.  Therefore both sets of exotic materials previously introduced were screened for 
aflatoxin response in 2004. 
Materials and Methods 
Inoculation Techniques 
 Aspergillus flavus inoculation methods can either cause injury to the kernels or 
be of the non-wounding nature, with a non-wounding method usually preferred as it does 
not defeat resistance due to the outer coverings of the kernel (Darrah et al., 1987; 
Zummo and Scott, 1989).  We used two methods of inoculation in these experiments: the 
non-wounding silk channel inoculation technique where ears are inoculated through the 
silk channel 6-10 days after silking with 3 ml of the conidial suspension (~107 / ml) with 
a syringe, and the colonized kernel technique where colonized autoclaved maize kernels 
are placed on the soil surface between treatment rows when the first hybrids reach mid-
silk stage (Zummo and Scott, 1989).  For these experiments we used the non-wounding 
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silk channel inoculation method in Weslaco and College Station, and the colonized 
kernel ground inoculation method in Corpus Christi. 
Field Evaluation 
The Argentine hybrids and U.S. commercial hybrids from the previous 
experiment were also grown in three environments for aflatoxin screening.  For the 
LAMA testcrosses, a larger set of testcrosses (29 testcrosses) and two more U.S. hybrids 
(6 total) were available for aflatoxin screening across the three environments than for 
agronomic testing.  The data presented below is for the complete set of LAMA 
testcrosses evaluated in the aflatoxin trials. Both sets of material, Argentine hybrids and 
LAMA testcrosses, were tested in separate experiments. 
 Three southern Texas environments were used for evaluation of aflatoxin under 
inoculation in 2004, Weslaco, Corpus Christi, and College Station.  In each environment 
experimental units were one row plots.   Field experimental design was alpha lattice with 
three replicates.  Drought stress was induced by limited irrigation and late planting dates.  
Both experiments were inoculated in the same fashion. 
In Weslaco and College Station, five plants per plot were tagged with ribbons 
after pollination and then inoculated through the silk channel with a conidial suspension 
of A. flavus.  Other traits measured (and presented earlier in thesis) were grain yield, test 
weight, grain moisture, plant height, and lodging percentage.  For the Argentine hybrids, 
1000 kernel weights were also taken.  In Corpus Christi, whole plots were inoculated 
with A. flavus colonized kernels placed on the ground in between plots.   
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Aflatoxin Quantification 
 At harvest in Weslaco and College Station, the ears from tagged plants were 
harvested by hand, shelled, and then bulked.  In Corpus Christ all ears from a plot were 
harvested, shelled, and bulked.  These plot samples were then ground using a Romer mill 
(Romer Labs, Union, MO), and aflatoxin was quantified from 50-g subsamples using the 
VICAM Aflatest® (VICAM, Watertown, MA). 
Statistical Analysis 
 For analysis of variance both in single environments and across environments, 
aflatoxin concentration data was transformed using the base 10 logarithm in order to 
equalize variances.  Analysis of variance was done using Proc GLM in SAS (SAS 
Institute, 2002).  Means for hybrids were estimated using the geometric (or 
antilogarithmic) means from the Proc Mixed procedure in SAS 9.0.  Data was then 
combined across environments, and overall means were determined using Proc Mixed in 
SAS, considering entries as fixed effects and environments as random effects.  Overall 
means were used to determine trait correlation using SVD for the Argentine hybrids. 
Results 
Argentine Hybrids 
Single Environment Analysis 
 In the three environments used for inoculation with A. flavus, reps were not 
significant (P<0.05) in any environment, which is somewhat surprising since aflatoxin 
accumulation in preharvest maize usually shows great amounts of field variation ( 
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Table 33. ANOVA table and repeatabilities for base 10 logarithmic aflatoxin at 
Texas environments for Argentine and U.S. hybrids. 
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Table 33).  Statistical differences (P<0.05) among individual hybrids were detected in 
Weslaco and Corpus Christi, and statistical differences (P<0.05) between the Argentine 
and U.S. hybrids were detected in College Station and Weslaco.  Repeatabilities were 
.28 in College Station, .70 in Weslaco, and .64 in Corpus Christi; these estimates suggest 
that the two south Texas environments were better environments to display genotypic 
differences among hybrids for aflatoxin contamination. 
 Weslaco had the highest overall mean aflatoxin levels, followed by College 
Station and Corpus Christi (Table 34).  Corpus Christi had noticeably lower aflatoxin 
concentrations than in previous years evaluations.  This was probably due to heavy rains 
around flowering and post-flowering time that preclude a favorable environment for 
aflatoxin production.  In College Station (CS) and Weslaco (WE), Argentine hybrids 
overall had less aflatoxin contamination in grain, but in Corpus Christi (CC) the U.S. 
hybrids had less aflatoxin contamination (Table 34) (Figure 48).  Coefficients of 
variation were relatively high and ranged from 17.62 to 31.64%. 
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Table 34. Mean antilogarithmic aflatoxin (ng g-1) at Texas environments for 
Argentine and U.S. hybrids. 
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Figure 48. Antilogarithmic aflatoxin means for all hybrids, Argentine and U.S. 
hybrids across environments. 
Across Environment Analysis 
 Across environments there was a significant difference (P<0.05) among 
environments (Table 35).  Significant differences (P<0.05) were also found among 
hybrids and between Argentine and U.S. hybrids.  For the logarithmic transformation of 
aflatoxin there was also significant interaction (P<0.05) between hybrids and 
environments (Table 35).  Repeatability was .54 across environments. 
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Table 35. Analysis of variance for base 10 logarithm of aflatoxin concentration (ng 
g-1) across environments for Argentine and U.S. hybrids. 
 
 The overall antilogarithmic aflatoxin mean across environments was 109.42 ng  
g-1, with a range of 18.57 to 344.83 ng g-1 among the hybrids (Table 36).  The mean for 
Argentine hybrids (104.41 ng g-1) was lower than the U.S. hybrid mean (124.44 ng g-1), 
and probably could have been even lower if two of the Argentine hybrids would not 
have had aflatoxin levels above 200 ng g-1.  All U.S. hybrids had aflatoxin 
concentrations above 100 ng g-1, but Argentine hybrids AX888IT, AX889, CONDOR, 
NK900TDMAX, and AGRI124 had aflatoxin below 60 ng g-1 (Table 36). 
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Table 36. Antilogarithmic aflatoxin means (ng g-1) across environments for 
Argentine and U.S. hybrids. 
 
 The singular value decomposition biplot explained 86% of the variation among 
environments for logarithmic transformation of aflatoxin.  The three testing 
environments for aflatoxin discriminate the hybrids in different manners (Figure 49). 
 121
CC
WE
CS
W4700P32R25
P31B13
DKC69-70
DKC66-80AGRI124
NK900TDMAX
CONDOR
DK682
AX890MG
AX882MG
AX956
AX934
AX889
AX888IT
AX884IT
AX882
AX878
AX877A933
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
-1.5 -1 -0.5 0 0.5 1 1.5
PC1 (67%)
PC2 (33%)
 CS=College Station, WE=Weslaco, CC=Corpus Christi  
Figure 49. Singular value decomposition biplot of base 10 logarithm of aflatoxin 
across environments for Argentine and U.S. hybrids. 
Relationship Among Traits 
 The SVD Biplot for hybrids by traits explained 57% across environments (Figure 
50).  While no traits were positively correlated with aflatoxin, test weight, lodging, and 
possibly grain moisture were negatively correlated with aflatoxin. 
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Figure 50. Singular value decomposition biplot of traits across environments for 
Argentine and U.S. hybrids. 
 Grain yield means were plotted against aflatoxin means in Figure 51.  There was 
not a clear trend across environments although more aflatoxin was associated with 
greater yields at Weslaco.  Differences can be seen between environments in both how 
they respond for grain yield and aflatoxin. 
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Figure 51. Grain yield (Mg ha-1) vs. antilogarithmic aflatoxin (ng g-1) across 
environments for Argentine and U.S. hybrids. 
 One thousand kernel weight means were plotted against aflatoxin means, but 
again no relationship was evident from this graph (Figure 52).  While environmental 
response to these traits is noticeable, it is not as clear as the grain yield vs. aflatoxin 
graph. 
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Figure 52. 1000 kernel weight (g) vs. antilogarithmic aflatoxin (ng g-1) across 
environments for Argentine and U.S. hybrids. 
 Test weight means were plotted against aflatoxin means, but no relationship 
between the traits is evident in this graph either (Figure 53).  Again this graph can be 
used to look at environmental response to both 1000 kernel weight and aflatoxin. 
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Figure 53. Test weight (kg hl-1) vs. antilogarithmic aflatoxin (ng g-1) across 
environments for Argentine and U.S. hybrids. 
LAMA Testcrosses 
Single Environment Analysis 
 For aflatoxin analysis, only Corpus Christi had significant differences (P<0.05) 
among replications (Table 37).  Significant differences (P<0.05) among hybrids and 
between LAMA testcrosses and U.S. hybrids were detected in Weslaco.  Repeatabilities 
were relatively low and ranged from 0.00 to 0.46.  Coefficients of variation values were 
high ranging from 27.98 to 41.15%.  Weslaco had the highest repeatability and lowest 
CV value for aflatoxin (Table 37). 
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Table 37. Analysis of variance for logarithmic aflatoxin (ng g-1) in different 
environments for LAMA testcrosses and U.S. hybrids. 
 
 Means for aflatoxin concentration were highest in Weslaco, followed by College 
Station and Corpus Christi respectively (Table 38).  In all environments the LAMA 
testcrosses had lower mean aflatoxin than the U.S. hybrids. 
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Table 38. Antilogarithmic aflatoxin means (ng g-1) in different environments for 
LAMA testcrosses and U.S. hybrids. 
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Across Environment Analysis 
Table 39. Analysis of variance for base 10 logarithmic aflatoxin (ng g-1) across 
environments for LAMA testcrosses and U.S. hybrids. 
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Significant differences (P<0.05) were found among environments and 
replications within environments, but no significant differences (P<0.05) were found 
among hybrids (Table 39).  Significant differences (P<0.05) were found between U.S. 
hybrids and LAMA testcrosses.  There was not significant (P<0.05) environment by 
hybrid interaction.  Repeatability was low (0.21) and the coefficients of variation value 
was high (35.20%) (Table 39). 
 There was quite a difference in antilogarithmic aflatoxin means between the U.S. 
hybrids and LAMA testcrosses, with LAMA testcrosses having much less aflatoxin 
(57.64 ng g-1) than the U.S. hybrids (127.96 ng g-1) (Table 40).  All U.S. hybrids had 
aflatoxin levels above 100 ng g-1 except LH195 x LH210 (82.91 ng g-1) and SCR42 x 
Tx772 (29.81 ng g-1).  None of the LAMA testcrosses had aflatoxin above 100 ng g-1 
except for TX-LAMA2002-35-5-B/LH195 (146.22 ng g-1).  Six LAMA testcrosses had 
aflatoxin concentrations under 40 ng g-1, and nine had aflatoxin under 50 ng g-1 (Table 
40). 
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Table 40. Antilogarithmic aflatoxin hybrid means across environments for LAMA 
testcrosses and U.S. hybrids. 
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 Discussion and Conclusions 
Argentine Hybrids 
 Environmental means for aflatoxin concentrations ranged from 70.80 ng g-1 in 
Corpus to 322.63 ng g-1 in Weslaco in the Argentine hybrid experiment.  In all three 
environments the Argentine hybrids had some of the lowest aflatoxin means, as well as 
overall.  Hybrid AX888IT had the lowest aflatoxin mean in College Station, AX889 had 
the lowest mean in Weslaco, and CONDOR had the lowest mean in Corpus Christi.  
AX889 had the lowest aflatoxin mean across environments.  In each environment many 
of the Argentine hybrids had aflatoxin means less than 50 ng g-1, but among the U.S. 
hybrids only DKC69-70, P31B13, P32R25, and W4700 in Corpus Christi had aflatoxin 
under 50 ng g-1.  Over all environments, all U.S. hybrids had aflatoxin means above 100 
ng g-1, but ten Argentine hybrids had aflatoxin means lower than 100 ng g-1, and four 
hybrids, AX888IT, AX889, CONDOR, and NK900TDMAX had aflatoxin means under 
50 ng g-1. 
 The three different testing environments for aflatoxin discriminated the hybrids 
in different manners in the Argentine hybrid experiment.  No positive correlations 
among aflatoxin and other traits were seen for this experiment, although test weight, 
lodging, and possibly grain moisture were negatively correlated with aflatoxin.   
 Many of the Argentine hybrids had such low aflatoxin levels, they could be used 
in breeding programs in the southern U.S., where aflatoxin poses major problems for 
producers, to help reduce aflatoxin contamination in U.S. temperate maize.  If aflatoxin 
resistance could be coupled with high grain yields in an agronomically elite hybrid, the 
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hybrids would be very competitive with U.S. hybrids in hot and dry environments found 
in the southern U.S. 
 More research is needed to determine the cause of the resistance in the Argentine 
hybrids and whether or not it is heritable.  Multiple years and environments are also 
needed for testing to make sure that the hybrids that show reduced levels of aflatoxin in 
these studies are truly resistant.  However, judging by the differences in these materials, 
husk cover, kernel structure, and resistance to abiotic stresses might play a big role in 
Argentine hybrids having reduced aflatoxin concentrations. 
LAMA Testcrosses 
 Single environments for the LAMA testcrosses were not able to discriminate 
easily among hybrids as only Corpus Christi showed significant differences (P<0.05).  
Overall the LAMA testcrosses had lower aflatoxin means than the U.S. hybrids.  In 
single environments ten LAMA testcrosses had aflatoxin means under 50 ng g-1 in 
College Station, six LAMA testcrosses had aflatoxin means under 50 ng g-1 in Weslaco, 
and thirteen out of fourteen LAMA testcrosses had aflatoxin means under 50 ng g-1 in 
Corpus Christi.  Only in Corpus Christi did any U.S. hybrids have less than 50 ng g-1 for 
hybrid means, with four out of six U.S. hybrids in that environment showing less than 50 
ng g-1.   
 Across environments, four LAMA testcrosses, TX-LAMA2002-10-1-B/LH195, 
TX-LAMA2002-11-1-B/LH195, TX-LAMA2002-12-1-B/LH195, and TX-LAMA2002-
44-B-B/LH195 had aflatoxin means under 30 ng g-1.  Only one U.S. check, SCR42 x 
Tx772 had an aflatoxin mean lower than 30 ng g-1.  Ten of the LAMA testcrosses had 
 133
aflatoxin means below 50 ng g-1, and all but one, TX-LAMA2002-35-5-B/LH195, had 
aflatoxin means under 100 ng g-1, whereas all but three U.S. hybrids had aflatoxin means 
over 100 ng g-1 across environments. 
 With such low aflatoxin levels under inoculation these LAMA testcrosses show 
great promise for use in breeding programs to reduce aflatoxin contamination.  Again 
these exotic lines should be testcrossed with other elite inbreds to evaluate their true 
value.  The source of their resistance needs to be determined through further testing 
under different environments and inoculation methods.  There are different type of 
combinations among exotic and temperate lines that can result  in elite, high yielding 
hybrids that are resistant to aflatoxin.  As some resistance to aflatoxin was observed in 
testcrosses with 50% exotic and 50% temperate (LH195), we expect that those possible 
aflatoxin resistance factors in LAMA lines can be passed on to offspring and contribute 
to reduce aflatoxin contamination in Southern U.S. 
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CHAPTER VI 
SUMMARY 
Argentine Hybrids 
 Several of the Argentine hybrids had grain yields that were competitive with the 
U.S. hybrids. Argentine hybrids AX889 and AX882MG had overall grain yield means 
above that of U.S. hybrid W4700 (Table 17).  In individual environments several of the 
Argentine hybrids performed well for grain yield.  
 AX878 was the highest yielding hybrid in Wharton and Prosper, and was quite 
competitive in the other environments except for the two southernmost environments 
(Weslaco and Corpus Christi) and the northernmost (Dalhart) environment (Table 5).  
AX890MG was the highest yielding hybrid in Bardwell, and was one of the higher 
yielders in Granger and Halfway, AX882MG was similarly a top yielding hybrid in 
several environments.  Most of the Argentine hybrids performed well in several 
environments but not as well in others, whereas the U.S. hybrids performed well in most 
all environments for grain yield. 
 For test weight AGRI124 had the highest overall mean followed by A933, 
AX88IT, CONDOR, and DK682 (Table 17).  The highest 1000 kernel weights were 
found for DKC69-70, P32R25, and AGRI124.  High lodging percentages (meaning 
potential problem for standability) for hybrids AX889, AX890MG, and AGRI124 might 
limit the utilization of these hybrids in production agriculture in the U.S.  Lodging did 
not appear correlated with plant height however, as the tallest hybrids were U.S. hybrids 
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but the same hybrids had less incidence of lodging.  High grain moisture could be a 
problem for AGRI124, AX934, NK900TDMAX, and A933 as they had grain moistures 
over 17% at harvest and would require more time in the field (exposure to weather and 
aflatoxin) or mechanical drying (fuel expenses) during storage (Table 17).   
 Overall several of these hybrids were competitive with commercial U.S. hybrids, 
and although they might not out yield current elite hybrids, they also haven’t undergone 
selection for the same traits and adaptation area.  Argentine hybrids AX889, AX882MG, 
and AX890MG had competitive grain yields and were stable across environments.  
These and other exotic hybrids could provide useful and novel alleles for different traits 
and productivity if they were incorporated into a breeding program and should also 
broaden genetic variation in the U.S. temperate maize germplasm.  They could also 
contribute to grain quality as they could be used to raise test weights and kernel hardness 
attributes.  While they probably aren’t directly that useful to producers as commercial 
hybrids, creation of inbred lines or populations with this material should be useful in 
maize improvement. 
LAMA Testcrosses 
 In the LAMA testcrosses, TX-LAMA2002-9-2-B/LH195 had higher overall 
grain yield mean than two of the U.S. hybrids, and was comparable to the others (Table 
31).  Both TX-LAMA2002-13-B2-B/LH195 and TX-LAMA2002-44-B-B/LH195 were 
poor performers for grain yield with overall yield less than 8.00 Mg ha-1.  In individual 
environments several of the LAMA testcrosses performed as well or similarly to U.S. 
hybrids, and in Dumas TX-LAMA2002-6-1-B/LH195, TX-LAMA2002-9-2-B/LH195, 
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and TX-LAMA2002-17-2-B/LH195 performed very well in relation to the U.S. hybrids 
(Table 21).  In Weslaco and Corpus Christi the LAMA testcrosses did not perform as 
well for grain yield as they did in the environments farther north.  It would be interesting 
to evaluate these testcrosses in the Corn Belt to see if they continue to show adaptation 
in northern environments. 
 LAMA testcrosses had heavier test weights than the U.S. hybrids.  Testcrosses 
TX-LAMA2002-44-B-B/LH195 and TX-LAMA2002-46-3-B/LH195 had test weights 
over 78.00 kg hl-1 (Table 31).  Several others including TX-LAMA2002-9-2-B/LH195 
had test weights above 77.50 kg hl-1.  In College Station and Castroville, the highest test 
weight means were recorded with TX-LAMA2002-44-B-B/LH195 and TX-LAMA2002-
14-B-B/LH195 having test weights above 80.00 kg hl-1 in College Station.  Hybrid TX-
LAMA2002-44-B-B/LH195 had test weights above 80.00 kg hl-1 in Castroville (Table 
23). 
 Surprisingly, lodging percentage did not seem to be an issue for any of the 
testcrosses except for TX-LAMA2002-5-3-B/LH195, which had lodging mean of 
14.59% (Table 31).  LAMA testcrosses TX-LAMA2002-20-4-B/LH195, TX-
LAMA2002-14-B-B/LH195, and TX-LAMA2002-6-1-B/LH195 had lower lodging 
means than all but two of the U.S. hybrids.  Lodging was reduced in this experiment 
possibly due to selection pressure for standability during line development.  In addition 
the LAMA testcrosses had a shorter overall plant height mean than the U.S. hybrids. 
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 Increased grain moisture does not appear to be a problem for the LAMA 
testcrosses, as most are competitive with U.S. hybrids, and even the highest LAMA 
testcross grain moisture means are still less than 16% moisture (Table 31). 
Aflatoxin Evaluation 
 Both Argentine hybrids and LAMA testcrosses show promise in providing novel 
alleles to reduce aflatoxin contamination.  In both groups, several hybrids had aflatoxin 
levels less than 50 ng g-1.  While aflatoxin resistance is a difficult trait to incorporate and 
evaluate, the Argentine hybrids and LAMA testcrosses consistently had less aflatoxin 
contamination than the U.S. hybrids both in different environments and across 
environments. 
 Among environments, Weslaco had the highest aflatoxin means and Corpus 
Christi had the lowest means.  Results were somewhat variable across environments, but 
field variation didn’t seem to present major issues. 
 Among Argentine hybrids, AX889, CONDOR, AX888IT, and NK900TDMAX 
had the lowest means for aflatoxin concentration.  Several other Argentine hybrids had 
aflatoxin levels lower than 100 ng g-1 (Table 36).  The U.S. hybrids all had aflatoxin 
concentrations above 100 ng g-1.  Reduced aflatoxin contamination coupled with 
competitive yields could make AX889 an attractive hybrid for Texas farmers, and 
excellent candidate to use their parental inbreds in breeding to improve hybrid 
performance in Texas. 
 For the LAMA testcross experiment, all but one hybrid TX-LAMA2002-35-5-
B/LH95, had aflatoxin concentrations below 100 ng g-1 (Table 40).  Several, including 
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TX-LAMA2002-1-1-B/LH195, TX-LAMA2002-10-1-B/LH195, TX-LAMA2002-11-1-
B/LH195, TX-LAMA2002-12-1-B/LH195, TX-LAMA2002-32-4-B/LH195, TX-
LAMA2002-44-B-B/LH195 had aflatoxin below 30 ng g-1.  The only U.S. hybrid that 
had aflatoxin below 30 was SCR42 x Tx772.  The results from this aflatoxin evaluation 
seem very promising for these materials that could be used for breeding materials to 
reduce aflatoxin contamination.   
While these materials need to be evaluated with other testers, and in more 
environments, the preliminary results are promising.  This exotic maize would also 
benefit from additional cycles of selection for adaptation and productivity. These 
experiments showed that elite exotic maize germplasm from South America have 
potential for broadening the genetic diversity of temperate U.S. maize and possibly 
adding alleles for productivity, grain traits, and aflatoxin resistance.  
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APPENDIX 
Table 41. Analysis of variance for plant population (plants ha-1) in Texas 
environments for complete set of LAMA testcrosses and U.S. hybrids. 
 
Table 42. Analysis of variance for grain yield (Mg ha-1) in Texas environments for 
complete set of LAMA testcrosses and U.S. hybrids. 
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Table 43. Analysis of variance for test weight (kg hl-1) in Texas environments for 
complete set of LAMA testcrosses and U.S. hybrids. 
 
Table 44. Analysis of variance for grain moisture (%) in Texas environments for 
complete set of LAMA testcrosses and U.S. hybrids. 
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Table 45. Analysis of variance for plant height (cm) in Texas environments for 
complete set of LAMA testcrosses and U.S. hybrids. 
 
Table 46. Analysis of variance for lodging (%) in Texas environments for complete 
set of LAMA testcrosses and U.S. hybrids. 
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Table 47. Analysis of variance across environments for plant population, grain 
yield, test weight, plant height, lodging percentage, and grain moisture for complete 
set of LAMA testcrosses and U.S. hybrids. 
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Table 48. Plant height, grain yield, grain moisture, and test weight means in College 
Station for complete set of LAMA testcrosses and U.S. hybrids. 
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Table 49. Plant height, grain yield, grain moisture, and test weight means in 
Castroville for complete set of LAMA testcrosses and U.S. hybrids. 
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Table 50. Plant height, grain yield, grain moisture, and test weight means in 
Wharton for complete set of LAMA testcrosses and U.S. hybrids. 
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Table 51. Plant height, grain yield, grain moisture, and test weight means in 
Bardwell for complete set of LAMA testcrosses and U.S. hybrids. 
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Table 52. Plant height, grain yield, grain moisture, test weight, and lodging means 
in Dumas for complete set of LAMA testcrosses and U.S. hybrids. 
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Table 53. Grain yield, grain moisture, test weight, lodging, and logarithmic 
aflatoxin means in Weslaco for complete set of LAMA testcrosses and U.S. hybrids. 
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Table 54. Grain yield and antilogarithmic aflatoxin means in Corpus Christi for 
complete set of LAMA testcrosses and U.S. hybrids. 
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Figure 54. Singular value decomposition biplot of trait means in Weslaco for 
complete set of LAMA testcrosses and U.S. hybrids. 
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